
ORIGINAL PAPER

Fourier transform infrared spectroscopy to assess molecular-level
changes in microorganisms exposed to nanoparticles

Fatemeh Faghihzadeh1 · Nelson M. Anaya1 · Laura A. Schifman1 ·
Vinka Oyanedel-Craver1

Received: 8 January 2016 / Accepted: 12 March 2016 / Published online: 7 April 2016

© Springer International Publishing Switzerland 2016

Abstract Fourier transform infrared (FTIR) is a spec-

troscopy method that can identify variations in the total

composition of microorganisms through the determination

of changes in functional groups in biomolecules. FTIR

measures the vibration and rotation of molecules influ-

enced by infrared radiation at a specific wavelength. This

technique allows the identification of structural changes in

the molecular binding between microorganisms and metal

atoms, which can provide information about the nature of

their interactions. In this review article, we will describe

the state of the art in current uses of FTIR for the eluci-

dation of bacteria–nanoparticle interactions. We will

describe advantages for the application of FTIR in the field

of nanotoxicology, including higher signal-to-noise ratio,

high energy throughput, as well as high accuracy and sta-

bility which are applicable to solid phase samples but not

recommended for assays in the liquid phase. Limitations

such as multiple background scans and post-processing

analysis are not deniable. Comparison of FTIR with other

commonly used tools such as Raman spectroscopy, mass

spectrometry, nuclear magnetic resonance spectroscopy,

and X-ray photoelectron spectroscopy is also discussed.

Finally, we present an application of FTIR for the assess-

ment of bacterial changes in response to the exposure to

silver nanoparticles (AgNPs). The results showed that the

AgNPs-induced structural changes in the peptide and

amino acids region may lead to alterations of conformation

and/or composition of Amid B and Amid III. These results

showed that bacteria developed resistance toward AgNPs

and resulted in changes in the genotype and expression in

the phenotype. Here, ATR–FTIR provided the evidence of

the AgNPs cytotoxicity-induced intracellular level alter-

ations in bacteria.

Keywords FTIR · Nanotoxicology · Bacteria–

nanoparticle interaction · Intracellular level · Genotype ·

Phenotype

Introduction

Rapid and specific analytical tools to characterize the

interactions between bacteria and nanoparticles are essen-

tial for the development of safe and effective

nanomaterials. These tools can also help to prevent the

unintentional negative effects that nanomaterials could

have on ecosystems and public health. Broad spectrum

molecular analytical tools based on infrared (IR) spec-

troscopy were introduced in the 1950s [56, 65, 107]. After

making several improvements to IR tools, researchers in

the 1970s developed Fourier transform IR (FTIR) spec-

troscopy based on a new computational analysis, which led

to Naumann and Helm [47, 89] introducing the FTIR

technique for in situ analysis of bacteria. FTIR can identify

molecular signatures in bacteria composition due to the

absorption of energy in the infrared region. Biochemical

bonds are detected based on their molecular rotational

degree and type of movement, such as stretching [91, 100],

bending [91, 102], scissoring [100, 102], or twisting [91,

100].

FTIR techniques were applied to identify bacteria [56,

65, 107, 125] and classify [47, 76] bacterial strains through

the use of spectral libraries for each type of bacteria [77].
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These libraries are available as a package through various

scientific companies [40]. Furthermore, several studies

have shown the capability of FTIR to differentiate between

intact and injured cells in stress conditions [3–5, 70, 71,

73].

Recently, FTIR has been used to characterize bacteria

exposed to nanoparticles [36, 37, 45, 49, 52, 58, 86, 108,

130, 134]. For instance, FTIR has been used to determine

bacterial structural changes after exposure to different

types of nanomaterials, such as oxides [49, 52, 58, 86,

134], quantum dots [37], and organic nanoparticles [108].

From a biochemical perspective, it is important to

determine interactions at the molecular level as they could

provide fundamental information on the effects observed at

a systemic level. Due to the technological advances, sim-

plicity of the sample preparation, and high speed of

analysis, FTIR spectroscopy could fill the growing demand

of fast and reliable toxicity screening in the field of

nanotoxicology.

Overview of FTIR fundamentals

The emitted radiation from an IR source passes through an

interferometer composed of a beam splitter, a fixed mirror,

and a moving mirror (Fig. 1). The interferometer measures

the wavelength of emitted light via interference patterns

that help to increase accuracy. IR spectra are obtained by

applying IR radiation to a sample and measuring the

intensity of the passing radiation at a specific wavenumber

(Fig. 1). The number of scans can be adjusted based on the

quality requirement for the sample analysis; currently, the

most common number of scans used is 28. IR radiation of

certain molecular groups can be detected at a specifics

wavenumbers. The x axis of the spectrum represents the

wavenumber while the y axis represents absorbance or

transmittance [29, 58, 86].

The most common FTIR-based methods for bacteria

characterization are transmittance FTIR, attenuated total

reflectance (ATR–FTIR), and micro-spectroscopy FTIR.

Transmittance FTIR

FTIR analysis can be carried out in solid, liquid, or gas

samples; however, here only solid and liquid phase sample

applications will be discussed. Solid samples should be

ground with potassium bromide (about 5 % of the weight

of the sample) and pressed to form a hard pellet. Then the

sample is placed between two infrared–transparent plates.

There are various types of transparent material used to

analyze different types of samples. For liquid samples,

selected compatible IR transparent windows could be zinc

selenide or diamond glasses are more appropriated. In both

cases, the IR beam passes through the sample, as previ-

ously described. The low noise-to-signal ratio in samples

makes the transmittance method advantageous because the

pressed sample has a low number of random fluctuations of

the baseline, resulting in higher sensitivity [26]. The limi-

tations of this method include that the absorption

sensitivity varies within a sample containing different

thicknesses as well as the required time for sample

preparation.

Transmittance FTIR has been used to monitor bacterial

properties and composition in growth and non-growth [81]

conditions, such as osmotic stress [13, 82], temperature

shock [5, 80, 82], pH tolerance [5, 82, 95], chemical shock

[5, 39, 49, 82], UV light [115], and ultra-strong static

Fig. 1 Schematic components

of FTIR spectroscopy; the IR

source generates radiation

which passes the sample

through the interferometer and

reaches the detector
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magnetic fields [50]. Likewise, the FTIR transmittance

technique was used to study toxicity effects of selenium on

Escherichia coli (E. coli) [39] and the exposure of E. coli
and Staphylococcus aureus membrane a sequence of pho-

tocatalytic degradation followed by Ag/TiO2 nanoparticle

suspension [49].

Attenuated total reflectance (ATR)

For ATR–FTIR, a sample volume between 20 and 200 µL
can be either directly transferred or dried and placed onto

a crystal surface [16, 127] that can be made from various

materials with unique refractive index relative to the

sample [62]. The effective factor regarding the ATR

analysis is the refractive index of the sample, which

should be lower than the crystal sample holder. Depend-

ing on the type of sample, various crystal surfaces exist

[16, 62, 127]. The penetration ability of the IR beam

through the sample is approximately 300 nm beyond the

surface of the sample. In some cases, to prevent inter-

ference from bulk water, a probe can be used to bring the

IR beam directly onto the sample. A limitation of this

methodology is that the resolution can decrease at higher

wavelengths compared to the transmission mode due to

higher background noise. However, because bacteria

signatures are observed in the mid-IR, this limitation does

not apply for bacteria analysis. To analyze bacterial

samples by ATR–FTIR, bacteria are separated from the

liquid sample by membrane filtration. Some of the types

of membranes used for bacteria filtration include Metrical

TM [16], polyethylene [83], Anodisc [110], and alu-

minum oxide [2].

ATR–FTIR has also been used to study the toxicity

effect of various nanoparticles, such as ZnO [134],

quantum dots [37], and carbon nanomaterial [108]. For

example, Wang et al. [134] used ATR–FTIR to charac-

terize the effect of nanowire photocatalysis on E. coli.
Through ATR–FTIR, it was shown that structural

changes occurred in the membrane composition of

treated cells, indicating increased cell permeability

[134]. In addition, Fang et al. [37] investigated the

toxicity effect of various quantum dot nanoparticle sizes

on E. coli. Changes in membrane structure in treated

E. coli indicated that the toxicity effect of quantum dots

depends on size, where smaller nanoparticles produce a

high inhibitory effect. Likewise, Riding et al. [108]

studied the toxicity effect of long and short multiwall

carbon nanotubes on gram-negative bacteria. The authors

reported that the bactericidal effect of carbon nanotubes

depends on their size, with shorter tubes resulting in

greater toxicity than longer ones based in term of

revealed signature of lipids, amide II, and DNA com-

ponents in treated cells.

FTIR micro-spectroscopy

FTIR micro-spectroscopy is the most recent FTIR tech-

nique and combines a FTIR spectrometer and a microscope

to obtain information through the spatial and chemical

spectral information simultaneously [11, 41, 62]. Sample

preparation for micro-spectroscopy is performed by either

drying a diluted sample directly on a IR transparent plate or

pressing the IR transparent plates to a bacterial colony,

which is called the “replica stamping technique” [62]. With

this imprinting technique two to three bacterial layers can

be placed on the plate. For both methods, the benefit is that

it allows concentrating the IR radiation on the sample and

collecting an accurate spectrum. It can also be applied to

both the transmission and attenuated total reflection mode

[41]. While micro-spectroscopy FTIR has limited spatial

resolution, identifying bacteria through this accessory is

not limited by this fact as they have distinct levels of

morphologic heterogeneity [62].

Previous studies have reported several applications of

FTIR micro-spectroscopy, including the heterogeneity

during growth in Legionella bozemanii, Bacillus mega-
terium, and Candida albicans colonies [122] as well as

E. coli activities in biofilms [48], endospores’ bacteria

changes after autoclaving [98], differences between intact

and dead E. coli [32], live and heat-treated Salmonella
typhimurium in chicken breast [30], the effect of membrane

fluidity on resistance to high hydrostatic pressure in Lis-
teria monocytogenes [55], and misfolding and aggregation

changes in E. coli membranes in the presence of recom-

binant proteins [6]. FTIR micro-spectroscopy was also

used to investigate the effect of a fullerene-based nano-

material on Bacillus subtilis and Pseudomonas putida
membranes [36]. The study found that the membrane flu-

idity and lipid composition depend on the nanomaterial

concentration and the composition of the cell wall [36].

In general, the observed intensity of the absorption

bands along the ATR–FTIR spectrum is less than the

transmitted FTIR spectrum. The main difference between

transmittance FTIR and ATR–FTIR is their depth of pen-

etration. Transmittance FTIR measures a spectrum that is

an average of the bulk properties of the sample; however,

ATR–FTIR can only probe through samples up to 300 nm

in thickness [16, 62, 127]. These two methods differ as well

in sample preparation requirements. In the case of ATR–

FTIR, the sample is directly placed on to the crystal sur-

face, but for transmittance FTIR, the sample must be

placed between two transparent glasses [16, 62, 127].

Advantages, disadvantages, and limitations

All FTIR techniques present advantages and disadvantages

for the analysis of bacteria exposed to stress conditions,
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such as exposure to nanoparticles. FTIR is a time-efficient

technique because the sample preparation is simple [21],

the time needed to obtain the spectral analysis is short [30],

and samples can be analyzed in different states (liquid or

solids) [17, 28, 77, 84]. In addition, only small amounts of

the sample are required for analysis—usually in the order

of µg (solids) or µL (liquid) [30, 78]—and the method is

usually not destructive [70]. FTIR is also less expensive for

bacterial identification compared to other commonly

applied methods [30]. Moreover, FTIR has three remark-

able advantages: (1) higher signal-to-noise ratio, (2) high

energy throughput, and (3) high accuracy and stability. A

higher signal-to-noise ratio is possible because the wave-

lengths are measured simultaneously, which is called

“Fellgett advantage.” Prevention of the light dispersion in

FTIR causes high energy throughput which is called the

“Jacquinot advantage.” Regarding accuracy and stability, a

remarkable advantage of FTIR is the use of a He–Ne

(helium–neon) laser which acts as an internal reference for

each scan and provides accurate and stable wavenumber

scales of an interferometer which is referred to as the

“Connes advantage.” These three properties of FTIR are

effective for nanotoxicology assays performed [87]. All of

these three properties of FTIR are effective in the solid

phase rather the liquid phase of nanotoxicological studies.

However, there are also disadvantages. Multiple back-

ground scans and sample scans are necessary to avoid

artifacts and variations in the spectra due the surrounding

environmental conditions in sample heterogeneity. For

instance, measuring the sample in culture media at differ-

ent temperatures can influence the FTIR spectra of the

sample [19]. Pretreatment of the samples may be required

to purify the sample and to prevent peaks from overlapping

on the spectra. For example, water from bacteria samples in

liquids can overlap the band of amide compounds and

produce a loss of information due to the large absorption of

water molecules in the 1637 cm−1 wavenumber [62]. In

some cases, this can be avoided by preparing a dried solid

sample. To identify strains of bacteria, a library for char-

acterization and identification is required; however, this

can be purchased from various scientific companies [40].

Finally, the raw data can require extensive post-processing

analysis.

Additional tools to complement FTIR analysis
in observing changes in intracellular composition

FTIR limitations can be compensated for by combining the

analysis with other techniques. The most commonly used

techniques to determine the composition of bacteria

include Raman spectroscopy, mass spectrometry, nuclear

magnetic resonance spectroscopy (NMR), and X-ray pho-

toelectron spectroscopy.

Raman spectroscopy

FTIR and Raman spectroscopy have similar fundamentals

as they are both inelastic scattering tools that provide a

molecular fingerprint of materials based on the vibration of

their molecules [59]. In Raman spectroscopy, a

monochromatic light illuminates to the samples. The

interactions of the impinging photons with the sample

cause changes in the frequency of photons in monochro-

matic light. The inelastic transfer of energy then causes the

frequency of the reemitted photons to shift in comparison

with original monochromatic frequency. These shifts

obtain information about molecular vibrational, rotational,

and other low frequency transitions [27], which are called

Raman effects. The elastic transfer of energy, or Rayleigh

scattering, dominates the outputs of Raman spectroscopy.

Therefore, in order to access Raman spectroscopy, the

outputs of Raman spectroscopy require filtration by notch

or band-pass filters before further analysis [27].

The main benefit of Raman spectroscopy is that it

requires less sample preparation compared to some FTIR

modest [27]. Although Raman spectroscopy is highly

sensitive to some molecular vibrations [61], ambient noise,

such as fluorescence, can interfere with the ability to obtain

accurate Raman spectra [97].

Raman spectroscopy has been used to investigate the

toxic effect of nanoparticle exposure to microorganisms

and tracking the location of the nanoparticles with cells

[60, 118]. Examples on exposure of live virus to Ag and

Fe3O nanoparticles [20], raman spectroscopy was applied

to quantify the ratio of oxidized cysteine to total protein,

and lipid unsaturation levels in viruses [67, 68], and to

determine the location of the nanomaterial inside the

microorganism [60, 118].

Raman spectroscopy has it combined with FTIR can

provide valuable data about the microorganism’s interac-

tions with nanoparticles as well as nanoparticle

characterization. This is possible because Raman and FTIR

spectroscopies are sensitive to homo-nuclear (C–C, C=C

and C≡C bonds) and hetero-nuclear (OH stretching in

water) functional groups, respectively [61].

A combination of FTIR and Raman spectroscopy has

been used to characterize the nanohybrid composition of

silver-coated carbon nanotubes to study their antimicrobial

properties [130]. Here the combined methods were used to

show the successful grafting of AgNPs with amine groups

onto carbon nanotubes [130].

Mass spectrometry

Mass spectrometer characterizes the mass of a molecule by

determining the mass-to-charge ratio (m/z) of its ion. Ions
are produced by enforcing either the loss or gain of a
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charge from a sample, called the ionizing process. The

ionizing process can be performed through electron bom-

bardment, which produces the charged molecules (ions) of

chemical compounds in a sample. Ions are electrostatically

guided into a mass analyzer in which they are separated

according to their mass-to-charge ratio and characterized.

The results of molecular ionization, ion separation, and ion

detection can be observed by a spectrum that provides

molecular mass and structural information [63].

A specific advantage of mass spectrometry over FTIR is

the capacity to quantify the structural information,

although the data collected by mass spectrometry are dif-

ficult to interpret [43]. On the other hand, the analysis of

compounds with multiple functional groups is very difficult

when using mass spectrometry [36, 43]. Some examples of

assessing toxicity effects of nanoparticles via mass spec-

trometry include a study focused on characterizing the

interactions of bacteria with five types of nanoparticles

[43]. This study determined the preferential binds between

peptide fragments and surface coating of silver nanoparti-

cles [126] and quantified the formation of oxidatively

induced DNA lesions in different types of cells exposed to

gold nanoparticles [90].

Mass spectrometry and FTIR are tools that are often

used in conjunction; FTIR provides an outlook into the

structural overview of bacterial toxicity, whereas mass

spectrometry offers a ratio of molecular bonds [36]. For

example, Fang et al. [36] investigated the impact of

buckminsterfullerene (C60) on membrane properties on

gram-positive and gram-negative bacteria. In this study,

FTIR showed that the frequency of –CH2 stretching

increased due to the high concentration of nanomaterials,

which means the fluidity of the membrane was increased in

treated cells. Mass spectrometry also showed that the

proportions of monounsaturated fatty acids in treated bac-

teria increased significantly compared to the controls [36].

Nuclear magnetic resonance spectroscopy (NMR)

NMR characterizes the physical and chemical properties of

certain atomic nuclei. As all electrically charged nuclei

have an associated spin, the applied external magnetic

fields transfer energy at a specific wavelength from the

base energy to a higher energy level. The wavelength

corresponds to radio frequencies; hence, when the spin

returns to its base level, energy is emitted at the same

frequency, and the released signal results in an NMR

spectrum for the nucleus [117].

NMR spectroscopy can determine the molecular struc-

ture, content, and purity of a sample. NMR can detect an

unknown compound’s molecular structure and match it

against spectral libraries or directly infer them from basic

structures of molecules [116]. In the case of known

compounds, NMR can characterize the molecular structure

as well as physical properties at the molecular level. These

properties include structural changes, phase changes, sol-

ubility, and diffusibility [116].

In order to analyze more complex materials such as

bacteria [116], NMR is more appropriate than the previ-

ously mentioned techniques. Some advantages of this tool

are versatile identification in terms of material composition

and high chemical sensitivity [117]. NMR can measure the

long-range hetero-nuclear distances, which can be used to

measure a distance between an antibiotic and a specific site

in the membrane [22]. In addition, NMR can determine

protein structures and the location of every atom in the

space [113]. One of the disadvantages is that NMR has the

potential to change the genetic code of bacteria and con-

sequently the behavior of the protein, due to the use of

synthesized amino acids for labeling [105].

Several studies have used NMR to measure the effec-

tiveness of antimicrobial agents on intact E. coli without
mutation or on mutated strains deficient in total fatty acid

biosynthesis [31, 101, 121], as well as study the adaptation

mechanisms of bacteria to peptides [23], or detect pepti-

doglycan composition and define the interactions with S.
aureus [111].

The combined NMR and FTIR approach was applied to

investigate the interaction of different structures of pep-

tides (α-helices and β-sheets) with the bacterial membrane

and its diastereomer [94]. NMR revealed the interactions

between peptides within membranes, while FTIR charac-

terized the composition of α-helical structures within the

peptide. NMR also detected the ratio of α-helical and β-
sheets within membranes. The combined approach showed

which peptide organized more selectively with the mem-

brane [94].

To our knowledge, no study has used NMR and FTIR

combined for nanotoxicology. However, NMR as well as

FTIR supports the identification of functional groups’

alterations in bacteria [31, 101, 121]. A spectrometric

analysis of bacteria exposed to nanoparticles by NMR can

provide comprehensive information about the molecular

composition of cells and complement the FTIR results.

X-ray photoelectron spectroscopy (XPS)

In XPS, photoelectrons are emitted from the sample surface

due to excitation with monoenergetic Al kα X-rays. The

energy of emitted photoelectrons is measured by an elec-

tron energy analyzer. The photoelectron peak determines

the binding energy and intensity of the elemental identity,

chemical state, and quantity of an element. XPS has dif-

ferent detection limits and analysis depths to detect the

chemical composition of different cells [10, 15, 33, 34, 92,

93, 103, 112, 124, 128].
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XPS determines the presence of elements and the

composition of functional groups, such as proteins and

polymeric substances on the cell surface [10, 15, 33, 34, 92,

93, 103, 112, 124, 128]. XPS can also estimate the con-

centrations of the bacterial surface compounds within 5 nm

from the sample surface [1, 46, 92]. These include func-

tional group identification of polysaccharides, peptides,

and hydrocarbon compounds with the use of a constituent

model [1, 34, 104]. XPS has been used to identify the

accurate composition of polymer surfaces and their

adhered biomolecules [123] as well as to study cell–sub-

stratum interfaces [14]. Moreover, XPS identified the

gram-negative Aquabacterium surface properties, including

surface charge, acid–base behavior, chemical composition,

and changes in the organic functional groups at different

pH values [92].

The main limitation of XPS is the effective depth of the

cell surface, which limits the application of this technique

to extracellular analysis [120]. This technique can provide

the quantitative elemental analysis of all elements, except

hydrogen and helium, both of them which are generally

free of matrix effects and decrease quantitative accuracy

[10, 33, 34, 92, 93, 103, 112, 128]. Other disadvantages of

this technique are that hydrogen cannot be detected by XPS

and the requirement for a high vacuum, which results in a

slow characterization process (8 h). Finally, the deconvo-

lution of XPS peaks should be carried out with extreme

care because these peaks are notorious for leading to spu-

rious results [120]. Even though these limitations are

present, this technique is useful analyzing bacterial surface

interactions because of quantitative measurement and

chemical bond identification based on elemental charac-

terization [46, 64].

In terms of studying toxicity effects, XPS has been

applied to characterize the nanoparticle surface properties,

such as characterizing the surface coating of Ag–TiO2

nanoparticles and then complementing this analysis by

studying the bactericidal effect of these nanoparticles via

FTIR [72].

Bacteria–nanoparticles interactions
at the molecular level measured by FTIR

Several possible antimicrobial mechanisms have been

detected using FTIR: (1) nanoparticles may change the

fluidity of cell wall lipids by binding with –CH groups of

the membrane [36, 49, 58, 86] measured at 3100–

2800 cm−1; (2) the binding of nanoparticles, or ions

released from nanoparticles, with amino acids in proteins

and enzymes [35], which changes the protein structures

detectable at 1500–1800 cm−1 [16]; (3) nanoparticles

bound to phosphate groups of nucleic acids in DNA or

RNA altering their structures, which are detected in the

600–1200 cm−1 wavenumber range [35, 52]; and (4)

nanoparticle catalyzed oxidation mechanisms and genera-

tion of reactive oxygen species (ROS) [35], which can

cause alterations in polysaccharide structures measured in

the 900–1200 cm−1 wavenumber [52] range. The chemical

properties of bacteria exposed to nanoparticles can be

determined from previous studies that introduced the

specificity of the altered chemical groups [36, 37, 49, 52,

58, 86, 108, 134]. As previously mentioned, FTIR is able to

reveal different biochemical properties of bacteria based on

their chemical bonds [1–12] and structural changes [131].

The biochemical structural alterations of bacteria exposed

to nanoparticles can be characterized in four regions by

tracking FTIR fingerprints [36, 37, 49, 52, 58, 86, 108,

134]. These regions are mainly placed between 3100 and

2800 cm−1 for fatty acids, 1800 and 1500 cm−1 for proteins

and peptides, 1200 and 900 cm−1 for carbohydrates, and

900 and 600 cm−1 for the fingerprint region [62]. The

impacts of nanoparticles in each of these regions are

described below.

Fatty acid region

The chains of several bacterial membrane amphiphiles (e.

g., phospholipids) and side-chain vibrations can be char-

acterized by the peaks in the region around 3100–

2800 cm−1, which are observed due to the –CH stretching

vibrations of CH3, CH2, and CH functional groups [62, 89].

The bands in 2955, 2930, 2898, 2870, and 2850 cm−1

wavenumbers are responsible for –CH asymmetric

stretching of –CH3 in fatty acids, –CH asymmetric

stretching of[CH3 in fatty acids, –CH stretching of ≥–CH
of amino acids in fatty acids, –CH symmetric stretching of

–CH in fatty acids, and –CH symmetric stretching of CH2

in fatty acids, respectively [62]. Sometimes a peak at

3015 cm−1 was reported as a responsible band for

stretching CH double bonds in unsaturated fatty acid chains

[62].

Fatty acids’ spectral bands between 3100 and 2800 cm−1

[85, 119] can determine the severity of the nanoparticles’

impact on the bacterial wall. The resolved peaks in the

majority of published articles characterized the differences

between bacterial fatty acids’ profiles in the presence of

nanoparticles and untreated bacteria [36, 37, 49, 58, 86,

134]. Membrane peroxidation in E. coli-exposed TiO2

photocatalysis was detected through modifications of bands

at 2958, 2924, 2876, and 2854 cm−1, which were caused by

–CH asymmetric stretching of –CH3 in fatty acids, –CH

asymmetric stretching of [CH3 in fatty acids, and –CH

symmetric stretching of CH2 in fatty bands [58, 86].

Similarly, Hu et al. [49] reported that the main alteration in

the fatty acid region included reduced peak intensity of the
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–CH bands at 2872 and 2852 cm−1 as well as unde-

tectable bands at 2963 and 2927 cm−1 in bacteria exposed

to AgI/TiO2 nanoparticles for 6 h. Also, Fang et al. [37]

observed changes after exposing E. coli to different sizes of
the CdTe quantum dot nanoparticles. They characterized

the intensity of bands at 2958, 2925, and 2854 cm−1 and

found that peaks were smaller in treated bacteria compared

to the control. The authors reported that the alterations in –

CH of the fatty-tail structure are the cause of smaller peak

intensity at these wavenumbers. Furthermore, they found

that the –CH band at 2873 cm−1 disappeared after treating

bacteria with the small size of CdTe quantum dots. Another

study detected that the effects of the ZnO nanowire pho-

tocatalysis were characterized in the fatty acid regions by

the decreased bands at 2852, 2924, and 2959 cm−1, indi-

cating the changes in –CH of the fatty-tail structure [134].

Moreover, other studies focusing on bacteria treated with

different concentrations of fullerene-based nanomaterials

reported that a decreasing intensity ratio of CH2 vibration

indicates the alteration of membrane fluidity [36]. A

modification of the –CH vibration on the exposed bacterial

profile is interpreted as bacterial lysis [36, 37, 49, 58, 86,

134], thereby indicating an increase in the lipid-layer flu-

idity of the bacterial cell walls. The enhanced fluidity of the

lipopolysaccharides cause a leakage in the cell membrane

[74] that has been reported due to the peroxidation in the

case of polar-saccharide moieties [88].

Additional information for the fatty acid region can be

derived from the responsible bands for –CH deformation in

the 1500–1200 cm−1 area [12, 30, 62]. The bands around

1367, 1354, and 1341 cm−1 are responsible for the vibra-

tions of methylene fragments in the kink (gauche-trans-
gauche), double-gauche, and end-gauche conformations,

respectively [25, 66]. After bacterial exposure to oxide

nanoparticles, the band at 1341 cm−1 disappeared and

intensive bands at 1362 cm−1 were observed [52], indi-

cating a low concentration of the vibrations of methylene in

end-gauche conformers as well as a combination of

vibrations of methylene in gauche-trans-gauche and dou-

ble-gauche conformers, respectively [25, 66]. Hu et al. [49]

reported that the increase in the concentration of carboxylic

groups was due to the appearance of bands at 1408 and

1337 cm−1. They concluded that the photocatalytic degra-

dation of the cell membrane causes the formation of

carboxylic acid. In addition, some spectral changes were

reported near 1414 and 1390 cm−1, indicating the unsatu-

rated aldehydes due to the deformation of the

hydroperoxides or lipid endoperoxides and the appearance

of C=O stretching bonds [42].

In the case of characterizing alterations in the phos-

pholipids of nanoparticle-exposed bacteria, bands for the

PO−2 asymmetric stretching of phosphodiesters in phos-

pholipids should be detected near 1280–1200 cm−1. Based

on various studies, phosphate groups on the FTIR spectra

demonstrated the decrease in peak intensity around

1232 cm−1 [37] or 1234 cm−1 [134] bands due to the sen-

sitivity of the hydration–dehydration of the phosphoric

groups in lipids structures [30, 57]. This mechanism is

responsible for the change in permeation in terms of the

depletion in ATP levels [35] that has been reported as a

nanoparticles’ impact on bacteria [36, 37, 49, 58, 86, 134].

Moreover, Riding et al. [108] claimed that the decreased

peak at 1238 cm−1 in the carbon nanotube-treated bacteria

indicated the inhibition of releasing free ROS.

Moreover, other wavenumber regions were reported for

phospholipid and phosphodiester compounds. For instance,

a decreased intensity of peaks was reported for phospho-

lipid and phosphodiester compounds around 1080 cm−1,

suggesting the peroxidation of the hydrophobic end [134].

They also reported the appearance of two bands at 1111

and 976 cm−1 after ZnO nanoparticle exposure, which

introduced a signature of the symmetry and asymmetric

vibration of deprotonated PO3
2−, suggesting that part of the

PO2− groups in phosphodiester was converted into terminal

phosphoryl PO3
2− groups. In addition, a new band formed

at 937 cm−1 after exposure to ZnO nanoparticles might

relate to the symmetry vibration of PO4
3− [51, 99]. This

band may appear from the deviation of terminal phosphoryl

groups caused by the CH2 wagging spectra.

The destruction of polar saccharides as a result of ROS

generation by nanoparticles caused clear changes in the

wavenumbers in the fatty acid region of treated bacteria

compared to untreated cell spectra [36, 37, 49, 58, 73, 86,

134].

Protein region

The peaks at 3200 and 3060 cm−1 indicate N–H stretching

of amide A and amide B, respectively, in proteins [13, 39,

89, 115]. Furthermore, the majority of responsible peaks

for the protein region mainly include the peaks at 1800 and

1500 cm−1, which are dominated by the amide I and amide

II of proteins and peptides, except the amide III band,

which is located around 1280 cm−1. The amide I band

components of proteins rise near the 1695–1675 cm−1 area.

Certain peaks at 1655 and 1637 cm−1 are responsible for

the rise in amide I principally due to the stretching vibra-

tions of the C=O groups at α-helical and β-pleated sheet

structures of proteins, respectively. Amide II bands of

proteins show up in the 1550–1520 cm−1 region due to N–

H bending with contributions from the C–N stretching

vibrations of the peptide group. As previous reports have

mentioned, amide I and amide II bands present the pre-

dominance of α or β structures [11, 62]. Amino acids can

also be detected by FTIR; for instance, tyrosine can be

detected by the peak in 1515 cm−1 [11, 62, 75, 89, 129].
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Other amino acids such as aspartate and glutamate

demonstrated weak peaks between 1585 and 1570 cm−1

due to the stretching vibration of carboxylate groups [62].

Interactions between metal nanoparticles and thiol

groups of respiratory chain enzymes and other amino acid

groups of bacterial membranes [38, 69] yield to the thought

of FTIR’s affordability for detecting the alterations of

protein conformation in nanoparticle-treated bacteria. The

altered peaks caused by protein structural changes were

reported in several articles and characterized the differ-

ences between the bacterial protein profiles in the presence

of nanoparticles and untreated bacteria [36, 37, 49, 58, 86,

108, 134]. The spectral profile resulting from bacteria

exposed to different sizes of nanotubes based on FTIR

analysis indicated the alteration of bands at 1497 and

1485 cm−1, which were introduced as dominant protein

conformational alterations [108]. Similarly, the decrease in

peak intensity was reported at 1639 and at 1539 cm−1. The

authors further claimed a decreased intensity of the amide

A band at 3290 cm−1 due to the conformational changes in

amide groups at the hydrophobic end of the phosphor lipids

[134]. In addition, Hu et al. [49] found a decrease in peak

intensity of bands near 1653 and 1545 cm−1 after exposing

pathogenic bacteria to AgI/TiO2 nanoparticles under visi-

ble light irradiation, which indicates that increasing

exposure time causes the decrease in the concentrations of

amide I and amide II groups [49].

Fang et al. reported protein conformational changes in

treated gram-negative bacteria exposed to quantum dot

nanoparticles [21]. Here, clear decreases in peak intensity

were observed after exposure in the spectral peaks at 1645,

1540, and 3288 cm−1. In another study, where gram-positive

bacteria were exposed to oxide nanoparticles, the bands at

1600 and 1408 cm−1 showed increases in peak intensity

compared to the control [15]. A possible explanation for the

mechanism in the gram-positive bacteria exposed to oxide

nanoparticles is that the carboxyl group concentrations

increased due to the contribution of the carboxylic groups

forming an inner sphere complexwith the oxidemetal center.

Another explanation is that the ester bond of D-alanine

branch is connected to the exposed gram-positive bacteria

and then detached to form D-alanine acid [93]. Upon the

gram-positive bacteria exposure to oxide nanoparticles, the

intensity ratio of β-sheets to α-helices also decreased [4].

This can be explained by lower sensitivity of the FTIR to

detect hydrogen-bonding carbonyl groups which changed

the β-sheet structure; alternatively, the β-sheet intensity of

the protein may have been diminished due to unfolding [53]

after interaction with nanoparticles.

Changes in the protein region, such as peaks at

1414 cm−1, as reported by Nadtochenko et al., include the

C–O–H in-plane bending of carbohydrates, DNA/RNA

backbone, and proteins [58, 86]. Also, bands at 1390 cm−1

may be influenced by the effect of nanoparticles on bacteria

due to the C=O symmetric stretching of COO– group in

amino acids and fatty acids. Some spectral changes have

been reported, corresponding to the formation of the α and

β structures of unsaturated aldehydes because of the

breakdown process of hydroperoxides or lipid endoperox-

ides [42]. Finally, in another study, changes in the peaks at

1390 cm−1 derived a possible explanation based on the

presence of nitrocompounds from proteins or enzymes

during the bacterial protection mechanisms. These com-

pounds corresponded to the nanoparticle-exposed bacterial

resistance mechanisms to decrease the effect of nitrosative

stress at the transcriptional level [96].

The results of the discussed report clarified that the

peptide and amino acids, regardless of their position (in-

tracellular or extracellular), were modified in the

nanoparticle-treated bacterial FTIR signature.

Carbohydrates region

The spectral changes after bacteria exposure to nanoparti-

cles may take place in the 900–1200 cm−1 area, which is

dominated by C–O–C and C–O ring vibrations in various

polysaccharides. In detail, the region of 1120–1140 cm−1

relates to the ν(C–O–C) glycosidic linkage [79] and peaks

around 1153, 1117, 1102, 1058, 993, and 966 cm−1, cor-

responding to the ν(C–O) ring, ν(C–O), ν(C–C), and

δ(COH) vibrations of carbohydrates [54].
The profiles of polysaccharide bands after treatment

with nanoparticles have been reported with obvious chan-

ges [52, 86, 134]. The bands at 1117 and 1102 cm−1

disappeared in the asymmetric vibration of the C–O–C

glycosidic linkage regions, respectively, and a new band

showed up at 1120 cm−1. Also a decrease in intensity of the

broad 1140–1000 cm−1 band was detected. These spectral

changes to lipopolysaccharides peroxidation can be

explained by the composition of the asymmetric outer

membrane, amphipathic molecules, or lipopolysaccharides

[54, 88]. Another study reported a decrease in peak

intensity at 1188 cm−1 that corresponds to carbohydrate

changes, indicating the occurrence of ROS-induced dam-

age [108]. Jiang et al. [52] reported in a different study that

after exposing bacteria to ZnO nanoparticles, the sugar

bands at 1074 cm−1 shifted to a lower wavenumber, sug-

gesting the weakening of the C–O bond due to an increase

in the degree of strength of hydrogen bonding with oxides.

The negative surface charge of bacteria due to

polysaccharides of lipopolysaccharides provides interac-

tion with the positively charged nanoparticles and forms pit

structures in the membrane [109]. These pit structures

could be detected by FTIR in the polysaccharides region

because they are formed by disrupting the β-1 → 4 gly-

cosidic bonds of the membrane [35].
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Fingerprint region

The fingerprint falls between wavenumbers 900–600 cm−1

and indicates unique weak bands that correspond to nucleic

acids, i.e., phenylalanine, tyrosine, tryptophan, and various

nucleotides [62]. The discrimination of bacteria at the

strain level can be performed in the fingerprint region [30].

Bands corresponding to bacterial nucleic acids are not

limited to the fingerprint region; two peaks can be observed

around 1715 and 1415 cm−1 which are responsible for

[C=O stretching of esters in nucleic acids and carbonic

acids and C–O–H in-plane bending in the DNA/RNA

backbone [62].

In bacteria treated with nanoparticles, an increased band

near 1738 cm−1 was observed due to vibration of the C=O

carbonyl group. The possible explanation is the peroxida-

tion of nucleic acid chains (Zeroual et al 1994) because of

oxidative stress by the generation of ROS [35, 49, 52]. Hu

et al. [49] provided an explanation for the increased peaks

at 1690 and 1734 cm−1 in exposed bacteria, which indicate

an increase in concentration of C=O bonds in aldehydes

and ketones. Additionally, due to a pH change in bacteria

exposed to nanoparticles, the functional groups of the

nucleic acid also undergo changes, which can be revealed

in the fingerprint region of the FTIR spectra [18].

Example of ATR–FTIR use for the study of E. coli
exposure to AgNPs using batch reactors

Escherichia coli K-12 (ATCC 23716), a non-pathogenic

strain, was selected for this study. E. coli is a gram-nega-

tive bacterium that has been found to be metabolically

active and has been extensively studied in nanotoxicolog-

ical research [7, 114, 133]. Reagent used to prepare the

lysogeny broth (LB) Miller growth media consisted of

10 g/L NaCl, 5 g/L yeast extract, and 10 g/L tryptone [106]

which it was based on ATCC recommendations. The bac-

teria were stored in phosphate buffer solution (PBS)—

monobasic potassium phosphate, dibasic potassium phos-

phate, and Ethylenediaminetetraacetic acid (EDTA)—

which were all purchased from Sigma-Aldrich. Standard

casein-coated silver nanoparticles (AgNPs) were obtained

from the Argenol Company, Spain.

Micro-plates with six wells were used to grow bacteria

until log phase, measuring the optical density at 600 nm

(OD600) every 15 min. After 7.5 h of bacterial growth,

suspensions of AgNPs in deionized water were injected to

achieve a concentration of 15 mg/L inside of the exposed

condition (media plus bacteria + AgNPs). Controls wells

were included to detect contamination (media with no

bacteria), and comparison between the non-exposed con-

dition (media plus bacteria) and exposed condition. After

that, plates were run for 7.5 additional hours to assess

AgNPs toxicity at 2.5, 5, and 7.5 h.

Liquid samples were prepared for ATR–FTIR (Nicolet

iS50 FTIR, Thermo Scientific) analysis by fixing the

optical density (OD600) to 0.8 using a UV–Vis spec-

trophotometer (Genesis, 10UV, Thermo Scientific).

Following this, bacteria were centrifuged at 13,000 rpm for

10 min, and the supernatant was removed. The pellets were

suspended in 10 μL of PBS 10 % [132], and the suspension

of bacteria with AgNPs was directly placed onto the crystal

surface [45].

Spectra were the result of 256 scans with a resolution of

4 cm−1 in the 4000–350 cm−1 spectral range. The data were

provided by Omnic software (Thermo Scientific) and pro-

cessed using MATLAB (MathWorks Software).

A unique FTIR spectrum is detected for the AgNP

treated bacteria after each contact time (Fig. 2). Increased

contact time resulted in decreased peaks in the spectra,

where the untreated bacteria had the most intense peaks

throughout the spectrum compared to the bacteria exposed

for 7.5 h, which had the weakest intensity peaks. To detect

the specific responses within the treated bacteria, the data

were analyzed region by region on the spectra.

Figure 3 shows the spectra for the fatty acid region,

including the E. coli profile and E. coli exposed to AgNPs.

The obvious changes were related to shifting due to the

deformation of[CH2 and νs(C=O) in lipids after 7.5 h of

treatment (Table 1). The change in the asymmetry vibra-

tion of phosphate groups also disappeared after 7.5 h of

exposure. The observed changes in the fatty acid region

can be due to the alterations in the fluidity of the cytoplasm

membrane or cell wall.

Figure 4 shows the ATR–FTIR spectra in the 1800–

1200 cm−1 range of the E. coli as a control and E. coli
exposed to AgNPs. The ATR–FTIR protein region peaks of

E. coli before and after treatment are shown in (Table 2).
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Fig. 2 ATR–FTIR spectra region in untreated E. coli (black line),
E. coli + AgNPs after 2.5 h (red line), E. coli + AgNPs after 5 h

(green line), and E. coli + AgNPs after 7.5 h (blue line) (color

figure online)
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The band at 1284.8 cm−1 showed increased peak intensity

in order to express the presence of amide III components of

proteins in untreated E. coli. This band was shifted to

1287.3 cm−1 after 2.5 and 5 h of exposure, but disappeared

after 7.5 h of exposure. Furthermore, amide A and amide B

bands were observed at 3098.6 and 3277.9 cm−1 in the

untreated bacterial profile, respectively. However, the

greatest shifting happened for the amide B band after 2.5 h

of treatment and remained consistent until 7.5 h of treat-

ment (Fig. 3; Table 2).

Bands between 1200 and 900 cm−1 showed the presence

of C–O–C and C–O vibrations in the sugar rings in various

components of polysaccharides (Fig. 5a). The peaks at

1167.7, 1145, 968.1, and 932.4 cm−1 were observed in the

untreated E. coli spectra. However, after 2.5 h of exposure

to nanoparticles, the peaks appeared in different

wavenumbers, such as 1163, 1058.4, and 932.4 cm−1. The

band responsible for ν(C–C) was observed at 1058 cm−1 in

the spectra after 2.5 h of exposure. This band was shifted to

1057.3 after 5 h of treatment time and did not exist in

untreated E. coli. A major shift was seen because of the

ν(C–O) ring for E. coli from 1167.7 to 1163 cm−1 after

2.5 h of exposure and again to 1169.3 cm−1 after 5 h.

Despite the fact that the band at 932.4 cm−1 was shifted to

916.5 cm−1 after 5 h of exposure, this band did not change

after only 2.5 h of exposure. In addition, a band at

968.6 cm−1 appeared in the spectra of untreated E. coli and
exposed E. coli after 5 h, while the exposed E. coli after
2.5 h did not exhibit this band. All peaks of this region

disappeared after 7.5 h of nanoparticle exposure. The

deformation of bacterial cell walls can be the reason of the

shifting in the carbohydrate region (Fig. 5a), which shows

P=O symmetric stretching in DNA, RNA, and phospho-

lipids bands that shifted from 1064 cm−1 in untreated

E. coli to 1078 cm−1 after 2.5 and 5 h of exposure.

In the region between 900 and 600 cm−1, weak bands

appeared (Fig. 5b). The fingerprint bands of E. coli are
824.9, 782, 665.8, and 620 cm−1, which shifted to 827.8,

781.5, 661.9, and 624.3 cm−1, respectively, after 2.5 h of

treatment. Changes were observed in exposed E. coli
spectra after 5 h and appeared in the spectrum of treated

bacteria at 693.3, 643.6, and 623.4 cm−1. All peaks in the

fingerprint region disappeared after 7.5 h of treatment.

Some specific peaks showed unique behavior in the

fingerprint region. The peak at 644.1 cm−1 only appeared in

untreated samples and was not seen in any of the treated

samples. On the contrary, a band at 881.8 cm−1 appeared at

2.5 h, which was not present in the untreated bacteria, nor

did it appear in the 5 h sample. In contrast, the band at

695.2 cm−1 was not changed at all after exposure. The

reason for the changes in this region may be due to the

alteration of the secondary and tertiary helix structure of

DNA, the generation of new gene fragments, or an increase

in the transcriptional in the DNA molecule [50].

The results showed that the spectral regions changed

based on the time of exposure after treatment of bacteria

with nanoparticles. The results indicated that 7.5 h showed

Wave Number(cm-1)

2800 2900 3000 3100 3200 3300

A
bs

or
ba

nc
e

0

0.1

0.2

0.3

0.4

28
53

.6
28

73
.9

29
24

.5

29
58

.3

30
98

.6

32
77

.9

Fig. 3 ATR–FTIR spectra of fatty acid region in untreated E. coli
(black line), E. coli + AgNPs after 2.5 h (red line), E. coli + AgNPs

after 5 h (green line), and E. coli + AgNPs after 7.5 h (blue line)
(color figure online)

Table 1 Comparison of fatty acids region of untreated E. coli and treated E. coli with AgNPs at 0, 2.5, 5, and 7.5 h of treatment using ATR–

FTIR

Vibration mode E. coli
Wavenumber (cm−1)

E. coli + AgNPs

(2.5 h)

Wavenumber (cm−1)

E. coli + AgNPs

(5 h)

Wavenumber (cm−1)

E. coli + AgNPs

(7.5 h)

Wavenumber (cm−1)

νa(CH3) 2958.3 2958.3 2957.8 2957.3a

νa(CH2) 2924.5 2924.5 2924.5 2924.5

νs(CH3) 2873.9 2873.9 2873.9 2873.9

νs(CH2) 2853.6 2853.6 2853.6 2853.2

[CH2 deformation 1453.6 1453.6 1453.6 1454.1a

νs(C=O) 1393.8 1393.8 1393.8 1394.3

νa(P=O) 1235.2 1235.2 1235.2 –b

a Peak was shifted to a different wavenumber
b Peak was not observed
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the most spectral modifications. The most remarkable dif-

ferences were found in the peptide and amino acids region.

This could suggest that part of the ATR–FTIR spectral

changes were due to the damage of conformational/com-

positional alterations in some of the components of the

protein structures that could be intracellular proteins or cell

wall peptides [52, 58]. While the majority of previous

studies have focused on membrane alterations [36, 49, 58,

86, 134], Jiang et al. [52] also reported modifications in the

different bacterial strains of protein structures after being

exposed to oxide nanoparticles. Even though the reference

study used oxide nanoparticles [52], the mechanism for

modifications in bacterial protein structures may be similar

to the toxicity effect observed here. The cytotoxicity effect

of oxide nanoparticles onto bacteria was also shown in the

proteins region of the bacterial profile. The changes in the

intensity ratio of β-sheets/α-helices were reported as a

protein structure alteration [52].

The interactions of AgNPs that caused the changes in

the fatty acids, specifically –CH deformation, can be the

reason for alteration in membrane permeability, which

suggests the formation of pits in the bacterial cell wall.

Another reason for differences in membrane permeability

is the modification at the cellular ATP level, which was

observed in exposed bacterial spectra due to the
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Fig. 4 ATR–FTIR spectra of 1200–1800 cm−1 region of untreated

E. coli (black line), E. coli + AgNPs after 2.5 h (red line),
E. coli + AgNPs after 5 h (green line), and E. coli + AgNPs after

7.5 h (blue line) (color figure online)

Table 2 Comparison of proteins region of untreated E. coli and treated E. coli with AgNPs at 0, 2.5, 5, and 7.5 h of treatment using ATR–FTIR

Vibration mode E. coli
Wavenumber (cm−1)

E. coli + AgNPs

(2.5 h)

Wavenumber (cm−1)

E. coli + AgNPs

(5 h)

Wavenumber (cm−1)

E. coli + AgNPs

(7.5 h)

Wavenumber (cm−1)

Amid A 3277.9 3277.9 3277.9 3277.9

Amid B 3098.6 3088.9* 3089.4* 3089.4a

Amid I 1626.7 1627.6 1627.6 1628.1a

Amid II 1532.6 1533.1 1533.1 1532.6a

Amide III 1284.8 1287.3 1287.3 –b

a Peak was shifted to a different wavenumber
b Peak was not observed
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Fig. 5 a ATR–FTIR spectra of 900–1200 cm−1 and b ATR–FTIR spectra of 900–600 cm−1 region of untreated E. coli (black line),
E. coli + AgNPs after 2.5 h (red line), E. coli + AgNPs after 5 h (green line), and E. coli + AgNPs after 7.5 h (blue line) (color figure online)
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dehydration of phospholipids. In another study where

bacteria were exposed to ZnO nanoparticles, the phos-

phodiester bond was modified in treated cells and formed

phosphate monoesters [52]. This resulted in highly disor-

dered alkyl chains yielding membrane ruptures and cell

leaking [52]. The deformation of the fatty acid can be

derived from the presence of unsaturated aldehydes during

the deformation of hydroperoxides or lipid endoperoxides

and the appearance of P=O stretching bands. Other studies

also reported the shifting of fatty acids bands due to the

toxicity effect of oxide nanoparticles [58, 86]. These

impacts on phosphate groups’ stretching may be caused by

the ROS, which identify malfunctions in the respiratory

chain enzymes and other membrane proteins and

lipophospho-polysaccharids [52].

This study shows that AgNPs can impact the structure

and function of proteins [74, 109, 126] and can damage

nucleic acid molecules [24, 44]. The effect of membrane

alterations in the treated bacteria was less compared to the

observed changes in proteins. Furthermore, slight changes

in membrane permeation were detected using epifluores-

cence stains and extracted lipid monolayers of E coli
exposed to AgNPs after 5 h (Anaya et al.). However, even

these small changes were enough to damage the outer cell

membrane by AgNPs, which causes more entry of AgNPs

into the cells could be one of the reasons that AgNPs have

cytotoxic effect on E. coli [9, 126, 133] while another

reason could be that a decrease in ATP levels inside the

bacteria occurs due to the lack of nutrients and oxygen after

7.5 h in a batch growth system.

Conclusion

FTIR is an extremely rapid technique compared to con-

ventional techniques. FTIR has uniform applicability to

various bacteria and a high specificity for differentiating

toxic effects at intracellular levels. Thus, it can provide

clear discrimination between chemically exposed bacteria

in comparison to controls. The spectral range in this

method could assist in rapidly evaluating the toxicity level

of different stressors, such as nanoparticles. Consequently,

FTIR spectroscopy could be successfully applied to char-

acterize time-dependent toxicity impacts of nanoparticles

in bacteria and to assess the intensity of cell sensitivity

toward physical or chemical treatments. FTIR techniques

in this context provide diagnostic methods for different

forms of samples. Complementary techniques, such as

NMR, Raman, XPS, and mass spectroscopy, can increase

the information density in order to determine the intracel-

lular composition and structures of treated and untreated

cells.
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