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Abstract. Biofilms are a major cause of health and environmental issues. Bacteria organized 15 

in biofilms are much more resistant to biocides than their equivalents in the planktonic state. 16 

In this context, spectroscopic techniques have significantly contributed to a more fundamental 17 

understanding of biofilm formation, which is crucial to prevent and limit their generation, 18 

spreading, and maturation. In this review, recent progress on the main analytical approaches 19 

enabling the spectroscopic characterization of microbial biofilms is comparatively discussed. 20 

In addition, less commonly used techniques facilitating biofilm studies will be also presented. 21 

Advantages and drawbacks of each discussed technique will be underlined, thus providing an 22 

overview on spectroscopic approaches for studying biofilms. 23 

 24 

Keywords. Biofilm; spectroscopic characterization, infrared attenuated total reflection, IR-25 

ATR, Raman, antimicrobial, vibrational spectroscopy, X-ray photoelectron spectroscopy. 26 

 27 

 28 

1. Introduction 29 

Active biofilms are complex communities of bacteria embedded within a matrix composed of 30 

many different biomolecules (Fig. 1). A major challenge when studying biofilms resides in the 31 

temporally changing nature of this matrix, which correlates with the lifecycle of the 32 

microorganisms, and their response to environmental stimuli.  33 

Different biofilm bacteria respond to their specific microenvironmental conditions with different 34 

growth models. Physiological cooperativity is a key factor in determining the biofilm structure 35 

and in founding the eventual collocations which make mature biofilms very efficient microbial 36 
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communities adherent to surfaces [1]. Protein structure and sequential transcription state the 37 

elaborate structures of enzyme complexes; these molecular complexes are much more 38 

efficient than randomly moving biomolecules. Analogously, strict organization of bacteria in 39 

biofilms ensures higher efficiency in respect to planktonic state [2]. An intricate network of 40 

molecular signaling, called quorum sensing, allows microbial communities embedded in a 41 

biofilm to interact and cooperate [3]. A detailed description about the (bio)chemistry of biofilms 42 

can be found elsewhere [4]. 43 

[FIG. 1 HERE] 44 

Figure 1: Schematic representation of biofilm components (a) and life cycle (b). (a) The mature 45 

biofilm is built with a variety of compounds (DNA, RNA, proteins, lipids, enzymes, and extracellular 46 

polysaccharides) called extracellular polymeric substances (EPSs). (b) Formation of biofilm starts 47 

with attachment of planktonic cells to the surface. Next, bacteria start to form a monolayer and 48 

produce the matrix which allows developing the mature biofilm. In the last stage, bacterial cells 49 

multiplicate quickly, start to detach, and disperse. This process enables them to convert to motile 50 

forms that can spread and colonize new surfaces. Reproduced from [5], © 2021 by the authors. Licensee MDPI, 51 

Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the 52 

Creative Commons Attribution (CC BY) license. 53 

Given their complexity, biofilm characterization strategies have developed as an 54 

interdisciplinary research field involving a range of disciplines including biology, biochemistry, 55 

analytical chemistry, physical chemistry, materials science, and others. 56 

Surface colonization by microorganisms and the resulting development of microbial biofilms at 57 

interfaces are frequently encountered in natural and artificial environments. Biofilms exist since 58 

about 4 billion years, and are ubiquitous on earth [6]. Biofilm formation allows microorganisms 59 

to survive at life-threatening environmental conditions, e.g., at extremely low or high 60 

temperatures, across the entire pH range, and at pressures up to 100 MPa [7]. Moreover, 61 

microbes embedded within biofilms show an increased resistance to antimicrobial agents [8]. 62 

This reduced antibiotic susceptibility [9] makes biofilm-related infections extremely harmful, 63 

e.g., in clinical scenarios but also in food industry; the resistance mechanisms developed by 64 

microbial communities within biofilms establishes a broad-spectrum defense [10], which 65 

triggered extensive research to understand such defense mechanisms.  66 

A plethora of techniques have been developed and are nowadays applied to study biofilms 67 

and biofilm formation, ranging from molecular to atomic spectroscopic methods, microscopic 68 

methods, sensing strategies, electrochemical approaches [11], mass spectrometry, etc. [12–69 

15]. 70 

Optical and high-resolution microscopies are historically relevant, as they were the first 71 

techniques to be applied in situ [16–18], i.e., at living biofilms, and allowed gathering elaborate 72 

information on bacterial spatial organization, effect of the substrate and substrate surface on 73 

the colonization mechanisms, and biofilm rheological properties [15]. More recently, 74 

Jo
urn

al 
Pre-

pro
of



3 
 

fluorescence and confocal laser microscopies are becoming increasingly common to address 75 

this aim [19–22]. These techniques enable to link the production of specific molecules inside 76 

the biofilm to peculiar external conditions, contributing to a fundamental understanding of 77 

biofilm formation and growth [23].  78 

Although microscopy techniques have provided important information on biofilm and biofilm 79 

formation, analytical methods giving access to molecular information on quorum sensing 80 

molecules and changes in chemical signatures are a prerequisite for gaining fundamental 81 

insight mechanistic studies. Mass spectrometry (MS) is exploited to obtain full metabolomic 82 

assays of bacterial biofilms, giving information on regulatory mechanisms and examining 83 

cellular and molecular heterogeneity [24–26]. In the case of complex biofilms and mixed 84 

bacterial cultures, MS imaging (MSI) had a substantial impact in obtaining significant 85 

knowledge in current microbiology, since it could be used to characterize bacteria at the 86 

molecular level in three dimensions; specifically, it is mainly used to study intercellular 87 

communication that mediates the formation of bacterial biofilms [27]. 88 

Spectrochemical characterization of biofilms is necessary for developing in-depth knowledge 89 

on molecules involved during biofilm formation, and they are thus gaining importance (Fig. 2). 90 

[FIG. 2 HERE] 91 

Figure 2: Summary of the spectroscopic techniques presented for the chemical characterization of biofilms. 92 

Typical spatial resolution and/or penetration depth were expressed, when appropriate. 93 

From the pioneering papers dating back to the 1980ies [28], numerous papers were published 94 

on the spectroscopic characterization of biofilms. Mainly vibrational spectroscopy is nowadays 95 

used in this field, i.e., infrared and Raman spectroscopies, which give complementary 96 

molecular information on both extracellular polymeric matrix and microorganism cell walls [29].  97 

Besides, nuclear magnetic resonance (NMR) was implemented for NMR-based metabolomics 98 

studies [30]. Information about spectrophotometric and turbidity measurements - which are 99 

routinely used in biological laboratories to calculate bacterial concentration - will be provided 100 

herein besides the application of to date less commonly used techniques such as X-ray 101 

spectroscopic methods, photoacoustic spectroscopy, and combined or hyphenated 102 

approaches. 103 

We believe that this review complements previous reviews, which have mainly focused on 104 

aspects such as biofilm formation [31,32], adhesion or detachment [33,34], biofilm 105 

susceptibility to antibiotics [35–37], toxicity testing [38–40], and other biochemical subjects in 106 

the field. Other approaches for biofilm characterization have been covered by different reviews 107 

[11,13,15,41–46]. 108 

  109 
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2. Vibrational spectroscopy 110 

Radiation in the near-infrared and mid-infrared frequency regime is widely used in vibrational 111 

spectroscopies to detect both planktonic and sessile microorganisms in aqueous 112 

environments. The use of low-energy radiation ensures the absence of photodecomposition 113 

and limits the degradation of biological molecules. 114 

 2.1. Infrared spectroscopy 115 

The use of infrared spectroscopy for the characterization of biofilms can be tracked back to 116 

1985 when Nichols et al. [47] published a seminal paper, which is to the best of our knowledge 117 

the first example of infrared attenuated total reflectance (IR-ATR) analysis on biofilms. In this 118 

pioneering paper, results obtained from diffuse reflectance infrared Fourier transform (DRIFT) 119 

spectroscopy on freeze-dried microorganisms were compared to those obtained on hydrated 120 

sessile bacteria. The use of IR-ATR spectroscopy allowed for the first time that the in situ 121 

biofilm formation could be monitored. Since then, IR-ATR spectroscopy is regarded as a 122 

powerful tool for understanding the interactions within adherent microbial consortia. Nichols et 123 

al. provided useful reference information which was applied for studying biofilm structure 124 

(where amide I and II, as well as carbohydrate bands are of crucial importance), along with the 125 

health status of the microbial consortium. It should be noted that Nichols also hypothesized 126 

that a detailed analysis of fingerprint band intensities could be helpful for understanding biofilm 127 

metabolism. 128 

This concept was furtherly evolved by Nivens et al. [48]. Fourier transform infrared (FT-IR) 129 

spectroscopy enabled fast analyses via direct usage of interferograms with excellent signal-130 

to-noise ratio. Moreover, the increasing adoption of mercury-cadmium-tellurium (MCT) 131 

detectors during the 1990ies allowed gathering improved wavenumber accuracy and spectral 132 

sensitivity. 133 

The first experiment on bacterial biofilms analyzed by IR-ATR spectroscopy with time 134 

resolution and in fully hydrated state dates back to a pivotal work by Bremer and Gheesy [49] 135 

in 1991. They reported the bio-colonization of a Germanium (Ge) internal reflection element 136 

(IRE) enclosed in a flow cell, in which bacterial growth medium inoculated with a mixture of 137 

bacteria was circulated. They compared the results generated by single- and double-beam 138 

spectrometers, thereby demonstrating that a simultaneous background subtraction provided 139 

by the double-beam measurement ensured a significant reduction of the chemical interference 140 

from the bulk liquid phase, while the double-beam spectra yielded a stable baseline across the 141 

entire mid-IR range. Time resolved monitoring of specific IR bands over a period of more than 142 

a week provided information on the relative concentrations of metabolites that accumulate on 143 

the solid surface at the base of the biofilm. A closer look at the graphical elements and specific 144 

experiments reported in the work by Bremer and Gheesy, will help the reader to better 145 

appreciate its influence on generations of similar studies. 146 
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Owing to the preconcentration at the IRE surface, it was possible to avoid any artefact due to 147 

sample treatments (i.e., purification, isolation, extraction, etc.) and to obtain chemical 148 

information on entire cells [7]. Mid-IR bands arise from the presence of proteins, nucleic acids, 149 

lipids, polysaccharides within the biofilm. The identification of main IR bands for many 150 

microorganisms is nowadays tabulated [50]. In-vitro analysis of biofilms by bioaccumulation at 151 

the IRE can be considered as a “preconcentration” step of the biological molecules of interest, 152 

which is specifically true for nascent biofilms that are less chemically multifaceted [51–54]. 153 

Specific molecules can be studied as well, focusing on specific spectral features; as an 154 

example, spectrochemical and electrochemical properties of cytochrome C were analyzed 155 

simultaneously by electrochemistry-coupled IR-ATR [55], on millimeter-sized interdigitated 156 

microelectrode arrays (IDAs) serving as working electrodes and IRE components for 157 

spectroscopy. 158 

Besides bacterial characterization [56–58], FT-IR spectroscopy has been widely used for the 159 

study of extracellular polymeric matrix (EPS). From the chemical point of view, EPS is a very 160 

complex mixture of polysaccharides and proteins, DNA, lipids and humic substances. A 161 

detailed review on the characterization of EPS by spectroscopic methods was published by 162 

Zhang et al. discussing different analytical approaches to determine EPS binding properties of 163 

inorganic species and consequent conformational changes [59]. FT-IR spectroscopy is 164 

regarded as a way to distinguish among the various EPS biomolecules with each of them 165 

related to specific IR bands [29,60]. In 2006, Bosch et al. proposed a first experimental 166 

approach for the isolation and spectrochemical characterization of EPS [61]. Bordetella 167 

pertussis biofilm was grown on polypropylene beads, and subsequently resuspended in pure 168 

water, thus avoiding spectral interference from the growth medium. The supernatant, 169 

containing EPS, was freeze-dried and analyzed with IR spectroscopy [62]. Lyophilized EPS 170 

produced by cultures of two Gram negative bacteria (Escherichia coli and Serratia 171 

marcescens) was investigated. This important contribution represents the first reported case 172 

of using 2nd derivative IR-ATR spectroscopic analysis for a deeper understanding of the spatial 173 

organization of biomolecules (i.e., secondary structure of proteins encoded in the amide I 174 

band) [63]. Mathematical treatments on IR-ATR spectra can be difficult when there is high 175 

overlapping of broad and weak signals: 2nd derivative can give rise to false features with 176 

consequent signals misattributions. In order to overcome this intrinsic limitation, functionally 177 

enhanced derivative spectroscopy (FEDS) has been recently introduced. Through a 1st 178 

derivative of the inverse IR-ATR spectrum, Palencia et al. were able to discern with a single 179 

analysis between different strains of Helicobacter pylori [64] and Candida albicans [65], which 180 

spectra would have been superimposable with classical IR derivative analysis. 181 

The analysis of EPS in fully hydrated conditions was only reported in 2012; such a delay is 182 

comprehensibly due to the intricated chemical pathways, which are relevant to the production 183 
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of EPS via sessile bacteria especially in the first stages of biofilm formation promoting microbial 184 

adhesion to surfaces [66]. Quilés et al. have used direct IRE colonization and flow-through IR-185 

ATR spectroscopy establishing first evidence and the first in situ proof of production and 186 

structure determination of extracellular glycogen from P. fluorescens cells [67]. The same 187 

group followed up with a study, probing spectrochemical properties of EPS with spatial 188 

resolution, thanks to a combined use of IR-ATR spectroscopy and single-molecule force 189 

microscopy [68], optical microscopy [43], or confocal microscopy coupled with epifluorescence 190 

spectroscopy [69].  191 

The highly hydrated nature of the EPS matrix (Fig. 3, right panel) makes the analysis of biofilm 192 

quite difficult. In order to reduce interference arising from the aqueous matrix, approaches 193 

based on micro-channels and lab-on-chip were developed only in recent years [51]. Quorum 194 

sensing (QS) molecules (i.e., crucial in each step of biofilm development and aging) are easier 195 

to detect in microfluidic small volumes; the limited diffusive dilution, peculiar of these systems, 196 

allows a more rapid and facile detection by IR-ATR spectroscopy [70]. Kazarian firstly 197 

developed a microfluidic chamber for biofilm analysis by infrared spectroscopic imaging using 198 

a focal plane array detector in 2007 [71]. In this paper, the author combined FT-IR 199 

spectroscopic imaging with a controlled-humidity microfluidic cell, thus targeting to study in situ 200 

water adsorption by different sample areas, and biofilm behavior in a controlled environment. 201 

A polydimethylsiloxane (PDMS) cell housing in combination with a large IRE crystal (i.e., ZnSe, 202 

Ge or diamond) was used along with mini-channels self-adhering to the surface of the ATR 203 

element [72]. However, this approach did not provide insight in fully-hydrated conditions, as 204 

shown by Sharma et al. [66], yet, it paved the way for the introduction of FT-IR studies using 205 

synchrotron radiation for analyzing biofilms.  206 

Synchrotron radiation-based FT-IR (SR-FT-IR) spectroscopy can provide spatiotemporal 207 

distributions and relative abundances of biomolecules in biofilms with unsurpassed resolution 208 

[59]. The use of synchrotron radiation enables an improved signal-to-noise (s/n) ratio in 209 

comparison to the conventional thermal IR sources. It is applicable to both Gram positive and 210 

Gram negative bacterial biofilms, as well as to yeast colonies [73]. Due to the diffraction limit, 211 

the radiation spot cannot be smaller than 2-10 µm, thus collecting information from small cell 212 

clusters at a time [74,75], and penetration depth in the sub-millimeter range [76]. Until 2016, 213 

mainly small humidified analysis chambers were used for SR-FT-IR, which did not allow 214 

changing/refreshing of the growth medium, provoking degradation on the biological matter over 215 

long-time analyses [77]. Microfluidics greatly assisted in overcoming this problem also allowing 216 

for a fine-tuning of the liquid layer thickness above the biological sample. In the early stages, 217 

closed channels were used for transmission experiments; CaF2 was preferred as window 218 

material although it caused toxicity to microbial cells [78]. Recently, open channel cells were 219 

introduced, where one side of the liquid layer is exposed to air, and both liquid thickness and 220 

Jo
urn

al 
Pre-

pro
of



7 
 

flow are driven by capillary forces. Although humidity and temperature may impact the 221 

measurements, its advantage is related to that the biofilm can be constantly supplied with fresh 222 

growth medium [79]. 223 

As already outlined, IR-ATR spectroscopy is a powerful tool to study the interaction between 224 

biofilms and antimicrobial agents, and the influence of external parameters on biofilm 225 

development. For example, the effect of different concentrations of hydrocarbons on a nascent 226 

biofilm of P. fluorescens was studied in real time [80]. The effect of antimicrobial peptides or 227 

drugs added to the circulating growth medium in the flow-through IR-ATR system was studied 228 

in-vivo and with temporal resolution for various biofilms [81–83]. Finally, the effect of culture 229 

broth [84], nanoantimicrobials (Fig. 3, left panel) [85,86], and ZnSe crystal functionalization 230 

[87,88] were investigated in the same way. 231 

[FIG. 3 HERE] 232 

Figure 3: Left panel: Temporal evolution of relevant IR bands for biofilm formation. (a) Control IR-ATR spectra of a 233 

P. fluorescens biofilm (arrows mark relevant IR bands) and (b) related integrated peak values (IPVs) as a function 234 

of time. (c) IR-ATR spectra of P. fluorescens biofilm on antimicrobic-modified IRE (please note reversed time 235 

scale for better illustration; the arrow indicates the decrease in IR bands associated to EPS); (d) related IPVs as a 236 

function of time. Details of signal attributions are reported as Electronic supplementary material of [86]. 237 

Reproduced from [86], Springer Nature, Copyright © 2017, under the terms of the Creative Commons CC BY 238 

license. Right panel: Illustration of exopolymers typically found in the EPS of biofilms. Reprinted from [23], with 239 

permission from Elsevier. 240 

As a completion of the already mentioned techniques, it is worth mentioning surface-enhanced 241 

infrared absorption-reflectance (SEIRA) spectroscopy, which has been used since the late 242 

nineties for the characterization of biofilms [89]. The working concept of SEIRA lays on the use 243 

of light and reflecting optics for selecting a surface area on the sample for infrared reflection-244 

absorption spectroscopic analysis. Changes in the chemical composition of S. aureus bacterial 245 

membrane due to the action of antimicrobial agents were studied [90], along with responses 246 

to environmental factors and signaling [91]. 247 

 248 

 2.2 Raman spectroscopy 249 

Compared to IR spectroscopy, Raman spectroscopy typically uses more energetic excitation 250 

radiation, i.e., usually provided by a near IR, visible, or ultraviolet laser. IR signals are typically 251 

much stronger than Raman signatures. Raman signals, while weaker, are usually not 252 

obstructed by water. Based on the low polarizability and vibrational selection rules, water 253 

bands are much less intense in Raman compared to those obtained in IR spectra. In general, 254 

the bands observed in IR and Raman spectroscopy can be considered complementary given 255 

the fundamentally different physical signal generation process, which renders them both 256 

suitable for orchestrated studies on microbial biofilms using both methods. Raman was widely 257 

explored in the 2000s for studying biofilm metabolism. Thanks to these vibrational techniques, 258 
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it was possible to access information of the molecular composition as well as of the surface 259 

structure of living bacterial cells [52].  260 

Micro-Raman spectroscopy [92] allows detecting few (i.e., below 50) microbial cells per time, 261 

while routine IR is generally considered a “bulk” technique with a simultaneous sampling of 262 

 1̴08 bacteria. Generally, visible-wavelength laser sources are used, which enable spatial 263 

resolution studies, including spectral microscopy, up to the single-cell level and in three 264 

dimensions [75,92]. In 2006, Quilès et al. proposed the use of micro-Raman for the analysis 265 

of the shell of Ascaris eggs directly in their aqueous medium [93].  266 

To overcome all problems related to low signal intensities in the biofilm analysis, conventional 267 

Raman is, when possible, replaced by surface enhanced Raman scattering (SERS) 268 

techniques. Three main ways have been developed for the preparation of biofilm samples for 269 

SERS experiments [94]. The first approach consists in the simple mixing of bacteria with metal 270 

colloids or ionic solutions, mainly composed of gold and silver; the solution is then drop cast 271 

onto solid substrates. In the second approach, bacteria are allowed to colonize a surface 272 

already modified with nanoparticles (NPs) or which is nanostructured itself; this is at present 273 

the most diffused operational approach. Lastly, metal NPs can be synthesized directly on 274 

bacterial surfaces by means of chemical reduction of precursor metal salts, by redox-active 275 

molecules naturally present in many biofilms [95]. 276 

SERS requires that the used nanostructured material must have certain dielectric properties, 277 

which are almost exclusively provided by noble metals, graphene and its oxides, 278 

semiconductors [96]. The main drawback related to the use of metal nanoparticles for SERS 279 

in biofilm characterization is the antimicrobial effect of some metals (especially Ag) on 280 

microorganisms: for long experiments and high concentration of NPs, a significant decrease 281 

of viable bacterial cells could be observed [97]. This phenomenon can be limited by using NPs 282 

with sizes above 30 nm and by increasing the ratio between bacteria and NP concentrations 283 

[97]. 284 

SERS signals are strongly dependent on the operating conditions relevant to sample 285 

preparation (i.e. on NP morphology, their chemical composition and concentration, type of 286 

liquid environment, chemical nature of the SERS substrate, etc.) [98,99]; hence, a wide 287 

database is necessary for SERS signal attribution in biofilm study, along with standardized 288 

approaches to the analysis[94]. Weiss et al. [100] pointed out that a fundamental knowledge 289 

of the origin of Raman signal from microbes is crucial for reliable SERS analyses. They also 290 

envisaged the strict correlation between SERS signals from single cells and their metabolic 291 

activity.  292 

The coupling of micro-Raman with optical microscopy allows for a detailed and 3D resolved 293 

investigation of biofilm components separately [101], gathering information about the 294 

distribution of carbohydrates, proteins, fatty acids, and nucleic acids in both spatially- and time-295 
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resolved ways [59]. As an example, treatment of spectroscopic data by chemometrics tools 296 

makes the information obtainable from a single measurement set particularly rich [102]. 297 

Indeed, mathematical pretreatments are required to enhance the information from the 298 

investigated data and also decrease the influence of “side information” intrinsically included in 299 

the spectra. Spectral pre-processing is considered mandatory, along with classical treatments 300 

like normalizations, derivatives and smoothing, etc. [103]. 301 

In 2010, micro-Raman SPR imaging (SPR-i) [12] (Fig. 4) was firstly proposed for the imaging 302 

of multicomponent biofilms from wastewater, with AgNPs as scattering enhancer [104].  303 

[FIG. 4 HERE] 304 

Figure 4: Schematic of the setup for E. coli SPR-i (surface plasmon resonance imaging) experiments. A PDMS 305 

chip containing two microchambers is reversibly sealed against the sensor surface. Reprinted from [105], with the 306 

permission of AIP Publishing. 307 

Up to that time, confocal laser scanning microscopy (CLSM) was among the few available 308 

technique for 3D studying of biofilm structures. Differently from CLSM, micro-Raman SPR-i 309 

does not require staining, and provides chemical information about complex biofilm matrices, 310 

non-destructively, with molecular resolved information on bacteria [102] and microbial 311 

constituents like EPS [29]. 2D and 3D structures of a P. aeruginosa biofilm were studied by 312 

micro-Raman SERS up to 120 h; cultures were grown on biocompatible scaffolds to ensure 313 

ordered 3D colonies. Effect of external stimuli was investigated, i.e. interaction with 314 

doxorubicin-treated AgNPs; the latter served also as SPR enhancer [106]; the general 315 

metabolic profile of P. aeruginosa was identified with SERS in their natural growth conditions. 316 

A further development of micro-Raman SPR was given by Bodelon et al. [107]. Authors 317 

focused on QS molecules involved in the formation of a P. aeruginosa biofilm, exploiting the 318 

scattering properties of Au@SiO2 nanorods (NRs). In particular, the expression of pyocyanin, 319 

a heterocyclic nitrogen-based compound produced by P. aeruginosa, is strictly regulated by 320 

the QS cycles. The detection of this molecules was performed by surface-enhanced resonance 321 

Raman scattering (SERRS): in this approach, the frequency of the excitation laser is in 322 

resonance with an electronic transition of the molecule. This way, a spatially resolved detection 323 

of pyocyanin was achieved, giving a hint of spatial distribution in the QS molecules expression 324 

at different location of the biofilm. Lab-on-chip and microfluidic systems, i.e., in analogy to 325 

those described for IR spectroscopies, have been used in combination with Raman 326 

spectroscopy as well [51]. 327 

 328 

 329 

3. Spectrophotometric methods 330 

Spectrophotometric approaches are generally used for quality assessment and rapid detection 331 

of biofilms: the amount of information obtainable form these techniques is much lower than the 332 
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one described above for infrared and Raman techniques. In fact, only one class of molecules 333 

can be monitored or detected per measurement (polysaccharides, lipids, proteins/amino acids, 334 

etc.) [108]. 335 

In 2005, Broschat proposed an inexpensive and nondestructive optical reflectance assay for 336 

the measurement of biofilm formation [109]. Biofilm formation of Enterococci on numerous 337 

opaque and nonopaque abiotic surfaces was studied with this semiquantitative method. 338 

Plotting reflectance as a function of wavelength, the method could provide information on the 339 

biofilm state and indicate if biofilm formation of the specific bacterial strain occurs. 340 

Numerous biomolecules such as amino acids, photosynthetic pigments, riboflavin, tryptophan, 341 

etc. display fluorescent quantum efficiencies which can be used for fluorescence 342 

measurements [20]. Microorganisms typically exhibit fluorescence upon excitation, from 343 

endogenous molecules, typically in the UV region of the electromagnetic spectrum. 344 

Fluorescence spectra possess quantitative information, such as tryptophane content, as well 345 

as some qualitative structural information like measurement of biomass for bacterial biofilms 346 

grown in laminar flow chambers [110]. Fluorescence measurements have been used since the 347 

nineties to monitor microbial changes, using fiber optic probes [19], or in biofilms grown on UV-348 

transparent quartz surfaces [7,48]. 349 

Besides, bacterial bioluminescence, although restricted to a small number of bacteria, can be 350 

used to detect bacterial biomass (assuming constant light flux per cell), cellular activity (at a 351 

given biomass), or gene expression [111]. The measurement of the emission at a specific 352 

wavelength, typical of each microorganism, allows for the rapid monitoring of biomass 353 

accumulation as a function of time [112].  354 

Several different methods are available to assess the optical density of biofilms thus providing 355 

information about film thickness and density [113]. Measuring of optical turbidity (or the 356 

radiation intensity loss) is typically performed in a wavelength range between 600-1300 nm, in 357 

order to minimize absorption by photodegradable molecules [20]. This near infrared (NIR) 358 

window is also known as the “therapeutic window,” as it maximizes the penetration depth (30-359 

250 µm) into tissues and biofilms [114].  360 

 361 

 362 

4. Further analytical approaches 363 

Less frequently applied spectroscopic techniques such as photoacoustic spectroscopy (PAS), 364 

which is based on the combination of light absorption and sound detection [7], can be used to 365 

address specific analytical needs in the non-destructive characterization of biofilms. PAS 366 

involves the absorption of an electromagnetic radiation within a biofilm, followed by its 367 

conversion into heat, and biofilm thermal expansion [115]. The latter generates a pressure 368 

wave, which is detected by microphones or piezoelectric crystals. The intensity of the 369 
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measured “sound” is a function of the optical absorption coefficient of the biofilm and its 370 

thickness [116,117] (Fig. 5).  371 

[FIG. 5 HERE] 372 

Figure 5: Photoacoustic sensor system (left) and flow channel with the three photoacoustic sensor heads (right). 373 

Reprinted with permission from [115]. Copyright 2002 American Chemical Society. 374 

This technique allows optical absorption measurements even in strongly scattering or optical 375 

opaque media [115]. PAS is used for the depth-resolved investigation of growth and 376 

detachment processes of biofilms, when exposed to antimicrobial compounds or adverse 377 

environment [118]. Schmid et al. proposed PAS (with pulsed radiation: PPAS) for the in situ 378 

observation of the interaction with iron oxide particles on the outer and inner layers of the 379 

biofilm [116]. 380 

Optical coherence tomography (OCT) is a high-resolution imaging technique which can 381 

accomplish 2D and 3D characterization of biological and nonbiological structures in a manner 382 

similar to PAS [119]. Because OCT uses near-infrared light rather than sound, imaging 383 

resolution results to be 10 to 100 times higher. NIR wavelengths are used in OCT imaging to 384 

increase imaging penetration through highly scattering structures: it is possible to achieve a 385 

penetration depth in the range of centimeters for transparent samples, and of few millimeters 386 

in highly scattering species [120]. To the best of our knowledge, the first attempt to biofilm 387 

imaging through OCT dates back in 2006, when Xi et al. obtained the in situ imaging of a P. 388 

aeruginosa biofilm developed in a capillary flow cell [121]. The further development of 389 

mathematical models for improved settings of experimental parameters made the analysis 390 

more straightforward [122]. In combination with other techniques (like X-ray based ones), OCT 391 

ensures a detailed time-resolved characterization of biofilm structure and density under 392 

different conditions [123,124]. OCT was used in the last years to study biofilm response to 393 

shear stress and consequent dynamic deformation [125], as well as colonies response to 394 

antibiotics [126] and antimicrobial substances like graphene oxide [127]. 395 

Also x-ray based spectroscopic techniques are employed in biofilm studies [29]. X-ray 396 

photoelectron spectroscopy (XPS) was used to determine the elemental composition of 397 

biofilms, along with relative atomic percentages of specific chemical environments [128]. 398 

Although destructive, XPS can provide semi-quantitative details on the yield of membranes 399 

oxidation due to the presence of reactive oxygen species (ROS), amino acids esterification 400 

induced by apoptosis markers, etc. [7]. 401 

X-ray based techniques are rarely used for biofilm characterization: high-energy radiation can, 402 

in fact, damage biological matter, and many precautions are needed. Among them, small angle 403 

x-ray scattering (SAXS) was used to study EPS, from a molecular and structural point of view. 404 

Traditionally used to analyze proteins in crystals or suspension, SAXS can be also used to 405 
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analyze interactions within specimens in complex mixtures [12,129]. Even though the 406 

achievable resolution is significantly lower compared to other techniques, SAXS has great 407 

potential to retrieve information on the structural properties of EPS in biofilms [59,130,131]. 408 

Dogsa et al. used SAXS to characterize EPS structures at different pH values, demonstrating 409 

that pH variation causes major rearrangements of EPS structure [132]. Trainor et al. applied 410 

grazing incidence X-ray fluorescence (GIXRF) to the investigation of the distribution of heavy 411 

metals on wet environmental interfaces (like biofilms) [133]. Similarly, total reflection X-ray 412 

fluorescence spectrometry (TXRF), a highly sensitive method for determining trace elements 413 

down to the ppb range, was used to quantify metal accumulation in aquatic biofilms [134,135].  414 

NMR spectroscopy is used in biofilm research to determine the metabolic properties of 415 

prokaryotic and eukaryotic cells. 1H and 13C NMR, specifically, allow for the direct, time-416 

resolved, and non-invasive monitoring of metabolic pathways of living bacterial suspensions 417 

or bacterial biofilms on porous substrates [7,136]. Moreover, solid-state NMR (generally 418 

associated with imaging, MRI) method has been used to study the chemical composition [137] 419 

and molecular mobility of EPS [75], and to generate 2D and 3D maps of S. oneidensis with 420 

molecular resolution [138]. MRI, also called magnetic resonance tomography (MRT), is 421 

however quite expensive and time-consuming, and the high number of molecules present in 422 

the sample during in situ analysis (i.e. without purification or isolation steps of specific biofilm 423 

components) often requires adding paramagnetic relaxation agents (such as lanthanide ions) 424 

for achieving a sufficient image contrast [139]. 425 

Among the many different technologies available for the fast monitoring of biofilm growth, 426 

optical sensors are the most promising, as they afford direct imaging of biofilm growth on 427 

surfaces, with high sensitivity and selectivity towards different biological species. Biofilm 428 

formation is extremely sensitive to various growth and environmental parameters, resulting in 429 

the high variability in biofilms between repeated experiments. Experimental repeatability can 430 

be affected by this biofilm mutability. Sensors and miniaturized devices can aid in the non-431 

invasive characterization of bacterial biofilms with minimum alteration of the biofilm 432 

surrounding [41]. As an interesting practical example, nanosensors find application for the 433 

monitoring of food-derived biofilms in industry: bioassays based on multifunctional optical 434 

nanosensors are promising to ensure and promote food safety and quality [140]. Surface 435 

sensitive sensors for biofilm monitoring were reviewed by Fischer et al., in 2016 [20]. These 436 

sensors exploit the total internal reflection (TIR) principle, which generates an evanescent field 437 

of reflected light, interacting with the biofilm. These systems, generally composed by an optical 438 

fiber coupled with a reflecting crystal, allow reducing H2O interferences in resulting spectra 439 

[141]. Alternatively, they are based on surface plasmon resonance (SPR), which uses the 440 

differences in refractive indexes at the biofilm-environmental interface [142]. SPR is a surface 441 

sensitive technique which sampling depth typically does not exceed a few hundred 442 
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nanometers, decaying exponentially with the distance from the metal layer at the sensor 443 

surface. To increase the sampling depth (biofilms thickness can vary between >1 µm up to 444 

hundreds of microns), reverse-symmetry waveguides are frequently used [143]. 445 

Among laser-ablation-based analytical techniques, we must cite mass spectrometry (MS). 446 

Despite not a spectroscopic approach, the development of MS in atmospheric pressure 447 

enabled the direct living cell analysis [51], thus giving a great burst to the characterization of 448 

biofilms. Desorption electrospray ionization (DESI) MS and the direct analysis in real time 449 

(DART) were used by Watrous et al. [144] for monitoring the exchange of secondary 450 

metabolites between Bacillus subtilis and Streptomyces coelicolor. Analogously, laser ablation 451 

electrospray ionization (LAESI) was used to characterize distribution of metabolites in bacterial 452 

biofilms or mixed-specimen biofilms [145–148]. Because of the absence of chemical species 453 

amplification in MS approaches, biofilm analysis and/or imaging is challenging. Dozens of 454 

chemical compounds can be detected simultaneously, and their identification can be 455 

challenging when unexpected fragmentations or rearrangements have to be considered [45]. 456 

 457 

 458 

5. Concluding remarks 459 

Bacterial biofilms are living communities characterized by fast changes in their chemical and 460 

biological properties; they can respond and react actively to a wide variety of environmental 461 

stimuli and cues. Therefore, the analytical characterization and identification of these changes 462 

represents a great challenge. This review has outlined how spectroscopic techniques 463 

contribute to the understanding of biofilms, identify constituents, understand antibiotic 464 

resistance mechanisms, locate specific compounds with imaging techniques. These analytical 465 

tools can provide a plethora of information, both from the spectrochemical and the 466 

morphological/spatial point of view. In this paper, we reviewed the literature for spectroscopic 467 

studies of bacterial biofilms, with a focus on the past and future paths of all the different 468 

spectroscopic approaches. Our intent was not a comprehensive listing of all the existing 469 

studies on this topic; we intended, instead, to present selected examples elucidating which 470 

technique could be more suitable for a precise case of study, or to address a specific analytical 471 

problem. Different analytical spectroscopic techniques can be combined to achieve information 472 

on biofilm structural, chemical, surface, and metabolic properties.  473 

Analytical instrumental developments and improvements give access to detect biofilm-related 474 

infections in situ. A comprehensive understanding based on improved measurement 475 

technologies may help to develop new antibiotic-free therapies. Macro-sized approaches are 476 

currently used routinely for study biofilms: they principally provide an end-point 477 

characterization at a laboratory step, which is usually “invasive” in nature and destroys or alters 478 

the biofilm. However, these methods allow for the analysis of large areas and biofilm portions 479 
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with minimum analysis time. Miniaturized devices offer advantages such as the ability to 480 

perform the analysis in a sensitive and non-invasive way, providing temporal and lateral 481 

resolution. These systems also help in the advancement of new treatments for biofilm fighting, 482 

by monitoring antimicrobial-biofilm interaction directly, with contained reagents and equipment 483 

costs. These emerging technologies have the potential to support the establishment of 484 

univocal practices for biofilm characterization and treatment. To us, appears clear that an 485 

effective biofilm detection and consequent fighting mainly requires low-cost, easily producible, 486 

portable devices requiring minimal maintenance. Addressing these tasks will bring new 487 

technologies for bio-safer devices in healthcare, food, and other industrial fields. 488 

Hence, in the next decade, biofilm studies likely will move towards in situ and multi-modal 489 

characterization via high-throughput analysis modes, involving spectroscopic approaches as 490 

they are highly suitable for such multimodal measurements (i.e., 2D correlation of Raman and 491 

IR). In combination with chemometric tools for analytical data evaluation, this may significantly 492 

contribute to a comprehensive understanding of complex processes in biofilms. 493 

  494 
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Highlights 

 

- Analytical Spectroscopy can significantly contribute to biofilm characterization. 

- Progress on the main spectroscopic approaches to biofilm analysis is discussed. 

- Advantages and drawbacks of different techniques are comprehensively presented. 
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