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Abstract

Biofilm-related infections occur quite frequently in hospital settings and

require rapid diagnostic identification as they are recalcitrant to antibiotic

therapy and make special treatment necessary. One of the standard microbio-

logical in vitro tests is the crystal violet test. It indirectly determines the

amount of biofilm by measuring the optical density (OD) of the crystal violet-

stained biofilm matrix and cells. However, this test is quite time-consuming, as

it requires bacterial cultivation up to several days. In this study, we correlate

fast Raman spectroscopic read-out of clinical Staphylococcus aureus isolates

from 47 patients with different disease background with their biofilm-forming

characteristics. Included were low (OD < 10), medium (OD ≥ 10 and ≤20),
and high (OD > 20) biofilm performers as determined by the crystal violet test.

Raman spectroscopic analysis of the bacteria revealed most spectral differences

between high and low biofilm performers in the fingerprint region between

750 and 1150 cm�1. Using partial least square regression (PLSR) analysis on

the Raman spectra involving the three categories of biofilm formation, it was

possible to obtain a slight linear correlation of the Raman spectra with the

biofilm OD values. The PLSR loading coefficient highlighted spectral

differences between high and low biofilm performers for Raman bands that

represent nucleic acids, carbohydrates, and proteins. Our results point to a

possible application of Raman spectroscopy as a fast prediction tool for biofilm

formation of bacterial strains directly after isolation from the infected patient.

This could help clinicians make timely and adapted therapeutic decision in

future.

Dedicated to Derek A. Long, one of the pioneers of Raman spectroscopy.
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1 | INTRODUCTION

Staphylococcus aureus is one of the most frequent patho-
gens associated with nosocomial infections. Approxi-
mately 30% of the human population is asymptomatically
and permanently colonized with S. aureus in the naso-
pharyngeal area.[1] However, S. aureus is also able to
cause severe invasive infections such as sepsis that needs
fast diagnosis and treatment. Chronic infections with
S. aureus are difficult to treat and often related to biofilm
formation.

Biofilms are aggregates of microorganisms that attach
to each other or adhere to a surface and produce a
hydrated matrix composed of extracellular polymeric sub-
stances (EPS).[2] This matrix gives stability and a specific
organized structure. It is mainly composed of polysaccha-
rides, proteins, lipids, and extracellular DNA.[2] Although
giving protection from antimicrobial substances and the
immune system, biofilms are not a static microbial com-
munity but are undergoing continued remodeling through
shedding of planktonic bacteria that are able to colonize
different parts of the body.[2] To treat biofilm-forming
bacteria, often up to 1000 times higher doses of antibiotics
are necessary than treating the planktonic form.[3]

S. aureus produces the polysaccharide intercellular
adhesin (PIA), a poly-β(1–6)-N-acetylglucosamine, as the
main polysaccharide of the EPS.[4,5] However, strains
exist that are able to form biofilms independently of PIA
gene expression thereby producing alternative forms of
biofilms with mainly protein-based composition.[5] Thus,
biofilm composition and production may differ a lot
between S. aureus strains.

The importance of biofilm-related infections of
S. aureus for hospital settings is emphasized by the recog-
nition that biofilm infections cause around 80% of all
infections.[6] Even more importantly, they are difficult to
treat, because antimicrobial therapy alone is not effective.
Often, the only option is to prevent S. aureus biofilms
from forming or to surgically remove them.[6]

An important example for such a difficult-to-treat
infection with S. aureus is osteomyelitis, a chronic infec-
tion and inflammation of bone tissue resulting in severe
and painful bone loss. Osteomyelitis can derive from
hematogenous spread from the blood stream (hematoge-
nous osteomyelitis) or is associated with inoculation
directly from outside, for example, through surgery of
implants (nonhematogenous osteomyelitis).[6]

Because of the high significance of biofilm infec-
tions in hospital settings, fast and easy diagnostic
methods to identify pathogenic S. aureus strains that
have higher potential for biofilm production are
needed. The standard method for identification of bio-
film producing strains in vitro is staining of the bio-
film with crystal violet that stains negatively charged
molecules on the cells and in the EPS, followed by
measurement of the optical density (OD).[7–9] Indeed,
plenty of different stains for specific biofilm molecules
exist, which can be analyzed using spectrophotometric
or microscopic techniques.[9–13] However, all of these
methods are quite laborious and time consuming due
to the necessity of growing the biofilm in vitro before
analysis. Therefore, these methods cannot be applied
in routine diagnostic.

Raman spectroscopy offers the advantage of being
label-free, fast, and contact-free, therefore allowing
to obtain very specific fingerprint spectra of the
sample in a noninvasive way. This spectral information
can be used—in combination with statistical
methods—to identify bacterial species and strains.[14]

Raman spectroscopy was successfully applied not only
to study clinical relevant microbial biofilms, for exam-
ple, for chemical analysis of biofilm formation and
composition,[15–27] but also to identify different bacte-
rial species forming biofilms and to discriminate
between biofilm-positive and -negative strains.[28–31]

Additionally, the interaction of antibiotics with bio-
films and their efficacy has been evaluated with
Raman spectroscopy.[32–34]

Here, we applied Raman microspectroscopy on
diverse S. aureus clinical isolates from patients with dif-
ferent disease background that showed low, medium, or
high biofilm production in vitro. At least 10 strains were
selected for each biofilm group. Our aim was to prove if
the information of the Raman spectra of bacteria grown
in liquid culture could be correlated to the biofilm
production level obtained from classical crystal violet
microbiological test values. This could pave the way to
predict biofilm formation independent of time-
consuming biofilm cultivation. The prediction of the
grade of biofilm production might help to detect
S. aureus biofilm infections in patients and identify
patients at high risk in hospital settings and to plan an
adequate successful therapy using antibiotics that are
active against the biofilm form of the bacterial species.
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2 | MATERIAL AND METHODS

2.1 | S. aureus strains

Forty-seven S. aureus clinical isolates from a previous
study[35] have been used here (Table 1). The isolates orig-
inated from nasal colonization of healthy donors and
from patients with hematogenous osteomyelitis, with
endoprosthesis infection (nonhematogenous osteomyeli-
tis) as well as from sepsis patients. Isolation protocols
have been published.[35]

2.2 | Biofilm production analysis

Biofilm production was measured by the classical micro-
biological crystal violet test on cultured biofilms in
microtiter plates.[36] First, bacteria were grown overnight
in Tryptic Soy Bean broth (TSB, Carl Roth, Germany)
with 0.25% glucose at 160 rpm and 37�C. S. epidermidis
strain RP62A was used as positive control. A microtiter
plate containing TSB with 0.25% glucose was inoculated
with overnight culture at a dilution of 1:200 and
incubated at 37�C for 24 h for in vitro biofilm formation.

For analysis of biofilm production, the medium was
removed from the wells and washed twice with
phosphate-buffered saline (PBS). Thereafter, 1% crystal
violet solution was added and incubated for 10 min. After
washing three times with PBS, the bacteria biofilm was
incubated with a mixture of 80% ethanol and 20% acetone
(4:1) for 10 min. Absorbance was measured at 570 nm at
four different locations per well in an enzyme-linked
immunosorbent assay (ELISA) reader (Tecan infinite
200Pro).

2.3 | Cultivation procedure for Raman
spectroscopic measurement

The cultivation of the strains should be conducted in a
similar way like the crystal violet biofilm assay but
without long-term cultivation for biofilm formation.
Therefore, the bacterial strains were grown in TSB at
160 rpm and 37�C using an overnight culture for inocu-
lation with an OD of 0.05. After 3 h, the OD600 of all
cultures was measured. The time point of 3 h was
chosen to generate highly homogeneous bacterial
culture to avoid metabolic growth phase-related spectral
differences as reported previously.[37,38] As seen in
Table 1, bacteria have a generation time of 30–40 min;
thus, after 3 h, bacteria are in the exponential growth
phase. If the OD600 was 2 or higher, 4 ml of culture
was used for sample preparation. If the OD600 was less

than 2, the volume of culture used for sample prepara-
tion was 8 ml to obtain a comparable amount of bacte-
ria. Samples were centrifuged at 3.500�g for 5 min, and
the obtained pellets were washed twice with 1 ml fresh
PBS. Finally, the bacterial pellets were resuspended in
4% formaldehyde (Histofix, Carl Roth, Germany) and
fixed for 10 min at room temperature (RT). After
another centrifugation step, the fixative was removed
completely, and the pellets were resuspended in
deionized water and stored at �80�C.

2.4 | Raman spectroscopic measurement

Fixed bacterial samples were centrifuged by using a
Cytospin centrifuge (Hettich, Germany) onto CaF2 slides
(Crystal, Germany) coated with 0.2% gelatin in order to
obtain a uniform bacterial layer and to ensure good
attachment for bulk measurement. The samples were
characterized with an alpha300R Raman spectrometer
(WITec, Germany) in PBS buffer using a 60� water
immersion objective (NA 1.0, Nikon) and a 532-nm Nd:
YAG laser at 15 mW. A 100-μm multimode fiber was
used to collect the light scattered from the bacteria. Exci-
tation wavelength of 532 nm was chosen, as it is available
in many commercial Raman devices and thus could be
used for potential later translation. In addition, extensive
databases for the identification of bacteria have been
recorded previously with this wavelength.[39,40]

Spectra were recorded of each strain on different
spatial positions of the sample using an integration time
of 5 s/spectrum and one accumulation. One spectrum
was recorded per position to give a total of 32–38 spectra
per strain from the 32–38 different positions. For
47 strains, this results in a total number of 1570 Raman
spectra. After preprocessing, 1529 spectra were included
in the final analysis.

2.5 | Data analysis with R

The software Gnu R (R Core Team (2018): R, a language
and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria (R version
3.4.4 [2018-03-15] and 4.0.2 [2020-06-22]), was used for
statistical analysis of the Raman spectra.

Used packages are as follows:

• hyperSpec (hyperSpecJSS. Claudia Beleites and Valter
Sergo: `hyperSpec: a package to handle hyperspectral
data sets in R', R package versions 0.99-20171005
and 00.99-20200527. https://github.com/cbeleites/
hyperSpec).
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TABLE 1 Strains used in this study and the according information about disease, generation time, crystal violet test results, and biofilm

formation level

Strain
name

Disease of patient where strain
was isolated from

Generation time in
min (n = 3)[a]

Biofilm formation OD value
(crystal violet test)

Biofilm formation
level[b]

N14 Nasal colonization 30.68 0.7 Low

D2 Hematogenous osteomyelitis 31.81 1.7 Low

Hawa51 Nonhematogenous osteomyelitis 41.28 4 Low

N13 Nasal colonization 30.75 4 Low

Ilun61 Sepsis 30.74 4 Low

Edbr39 Hematogenous osteomyelitis 30.8 4.5 Low

Hebl44 Hematogenous osteomyelitis 30.85 4.7 Low

N15 Nasal colonization 31.74 5 Low

Hewi37 Sepsis 31.17 5 Low

Hegl68 Hematogenous osteomyelitis 31.07 5.3 Low

N1 Nasal colonization 31.18 6 Low

D3 Hematogenous osteomyelitis 31.29 7.7 Low

Hafa83 Nonhematogenous osteomyelitis 31.89 8.3 Low

Chwa42 Hematogenous osteomyelitis 31.00 9 Low

Mabö56 Sepsis 30.48 9 Low

Udmi62 Sepsis 30.72 9 Low

Genä42 Sepsis 31.26 10 Medium

S6 Sepsis 31.74 10.8 Medium

Reho41 Sepsis 31.30 12.7 Medium

M6 Nonhematogenous osteomyelitis 32.07 13 Medium

D1 Hematogenous osteomyelitis 31.05 14.2 Medium

Rahe58 Hematogenous osteomyelitis 31.33 14.3 Medium

M3 Nonhematogenous osteomyelitis 31.03 14.4 Medium

N9 Nasal colonization 34.17 14.6 Medium

Hapo37 Nonhematogenous osteomyelitis 31.27 15 Medium

M4 Nonhematogenous osteomyelitis 31.14 15.4 Medium

N7 Nasal colonization 31.49 15.8 Medium

N8 Nasal colonization 30.84 15.8 Medium

N11 Nasal colonization 31.22 16.2 Medium

N4 Nasal colonization 30.73 16.4 Medium

N6 Nasal colonization 31.29 18.7 Medium

Reju49 Nonhematogenous osteomyelitis 31.29 20 Medium

O1 Hematogenous osteomyelitis 30.93 20 Medium

M1 Nonhematogenous osteomyelitis 30.37 20 Medium

M2 Nonhematogenous osteomyelitis 32.03 20 Medium

M5 Nonhematogenous osteomyelitis 31.36 21 High

N12 Nasal colonization 31.93 21.6 High

M7 Nonhematogenous osteomyelitis 33.56 22.2 High

S1 Sepsis 31.21 22.6 High

Josc25 Hematogenous osteomyelitis 32.88 23.3 High

O3 Hematogenous osteomyelitis 31 23.5 High

(Continues)
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• pls (Bjørn-Helge Mevik, Ron Wehrens and Kristian
Hovde Liland [2020]. pls: Partial Least Squares and
Principal Component Regression. R package version
2.7–3. https://CRAN.R-project.org/package=pls).

• rjava (Simon Urbanek [2017]. rJava: Low-Level R to
Java Interface. R package version 0.9–9. https://CRAN.
R-project.org/package=rJava).

• Xlsx (Adrian A. Dragulescu [2014]. xlsx: Read, write,
format Excel 2007 and Excel 97/2000/XP/2003 files. R
package version 0.5.7. https://CRAN.R-project.org/
package=xlsx).

Raman spectra with cosmic rays were removed from
the data set before preprocessing. Remaining spectra
were baseline corrected using a polynomial fifth order.
Based on Makki et al., all partial least square regression
(PLSR) data analyses were performed without normali-
zation.[41] For calculating the root mean squared error
of calibration (RMSEC) values, tenfold cross-validation
was performed; that is, the data set was split into train-
ing and test data. In order to avoid weighting due to
the slightly different number of spectra per strain, every
10th spectrum was used for the test data set. After the
splitting, PLSR was performed with the training data
set, and the prediction of the test data set was used for
calculating the RMSEC value. The root mean squared
error of cross-validation (RMSECV) values were calcu-
lated with leave-one-strain-out cross validation. The
root mean squared error of prediction (RMSEP) values
were calculated based on the data splitting used for the
RMSECV. The prediction was calculated for each
spectrum in the test data set individually and used for
calculating the RMSEP values of this strain data set. To
calculate the leave-one-spectrum-out PLSR of the
recorded spectra as validation, 10 PLSR components
were used, because of the smallest error before the
plateau occurs in the RMSEC (Figure S1a) and

RMSECV (Figure S1b) and the most stable region in
the RMSEP (Figure S1c).

3 | RESULTS

3.1 | In vitro biofilm formation analysis

Biofilm formation of 47 S. aureus clinical isolates was
assessed in vitro using classical crystal violet method.
Results are presented in Table 1. The S. aureus isolates
originated from patients with four different disease
backgrounds, that is sepsis, hematogenous osteomyelitis,
nonhematogenous osteomyelitis as well as nasal coloni-
zation in healthy donors. It can be seen in Table 1 and
Figures S3–S5 that the disease background does not influ-
ence the biofilm formation level. In this manuscript
strains with OD values less than 10 in the crystal violet
assay are referred as low biofilm producers, strains with
OD between 10 and 20 as medium biofilm producers,
and strains with OD higher than 20 as high biofilm
producers. Low, medium, and high biofilm producers
were identified in each disease group indicating that the
level of biofilm production was not correlated to a
specific pathology.

3.2 | Raman spectroscopic analysis

Raman spectra were recorded of each strain after a short
cultivation time of 3 h in liquid culture under optimal
nutrient conditions. Figure 1 shows a representative
mean Raman spectrum of a low biofilm producer,
S. aureus Hawa51 with OD 4 in crystal violet test, a high
biofilm producer, S. aureus Kakl54 with OD 30.1 in the
crystal violet test, and the two S. aureus strains Genä42
and M5 with ODs in crystal violet test between

TABLE 1 (Continued)

Strain
name

Disease of patient where strain
was isolated from

Generation time in
min (n = 3)[a]

Biofilm formation OD value
(crystal violet test)

Biofilm formation
level[b]

O2 Hematogenous osteomyelitis 31.01 24.4 High

Jüze47 Nonhematogenous osteomyelitis 30.67 25.3 High

N10 Nasal colonization 30.69 26 High

Ankö60 Sepsis 30.99 26.3 High

Kakl54 Sepsis 31.13 30.1 High

O4 Hematogenous osteomyelitis 30.87 33.8 High

aGeneration times were calculated from growths curves. Please notice that only the strain Hawa51 showed a high generation time indicating that this strain is

growing slower in comparison to other strains. The generation time is calculated as indicated in the previous publication.[48]
bAn OD value < 10 represents low biofilm formation, an OD ≥ 10 and ≤20 normal (medium) biofilm formation, and an OD value of >20 high biofilm
formation.
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10 (Genä42) and 21 (M5), for first comparison. To assess
the reproducibility and repeatability of the Raman mea-
surements for each strain, the relative standard deviation
(RSD) was calculated. The mean of all RSD is on average
at 0.12 as can be seen in Figure S2. Mean Raman spectra
with standard deviation of all investigated strains are
shown in Figures S3–S5.

Typical Raman bands of the biological components of
bacteria can be seen in the spectra, such as vibrational
bands of nucleic acid components at 787 cm�1 (purine
bases cytosine, thymine, and uracil[25,30,42]), at 805–
810 cm�1 (RNA backbone stretching[20]), at 1581 cm�1

(pyrimidine bases guanine and adenine[20,25,42]), and at
1096 cm�1 (PO2

� stretching[20,25,30,42]). Interestingly,
those bands had decreased relative intensity in the high
biofilm producer strain S. aureus Kakl54 (Figure 1). In

contrast, bands prominent in proteins such as the phenyl-
alanine ring breathing mode (1001 cm�1)[20,25,30,42] and
the CH2 deformation band (1455 cm�1)[20,42] were
increased in S. aureus Kakl54 compared with the low bio-
film producer strain S. aureus Hawa51. Other protein
bands such as the amide I (1661 cm�1)[20,42] and the
amide III (1256 cm�1)[20,25,42] bands revealed similar rela-
tive intensities in all four strains. Most strikingly, Raman
band intensities in the region of 850–1050 cm�1 rep-
resenting likely polysaccharide bands[17,42] such as the
C O C 1,4 glycosidic link (858 cm�1),[42] the C O C
glycosidic bond ring (949 cm�1),[30] and the C O
stretching band (1031 cm�1)[16] had higher relative inten-
sities in the high biofilm producer strain S. aureus
Kakl54. Furthermore, the C O C 1,4 glycosidic link
band (1126 cm�1)[42] also showed increased relative
intensity. In contrast, other carbohydrate bands outside
this wavenumber region such as the C O C glycosidic
link symmetric ring breathing (1096 cm�1)[16,25,42] and
the C C and C O asymmetric ring breathing
(1160 cm�1)[16,42] showed lower relative intensities in
Kakl54 compared with S. aureus Hawa51, Genä42,
and M5.

Most differences in the Raman spectra of high and
low biofilm producer strains were apparently identified
in the region of 750–1150 cm�1 (Figures 1 and S3) and
reveal important differences in polysaccharide amount,
the main macromolecule present in biofilm EPS.

3.3 | PLSR analysis of Raman data

PLSR analysis was performed to visualize a possible
correlation between OD value in the crystal violet test,
that is, the biofilm formation, and the Raman spectro-
scopic signature. PIA-based biofilm would result
in higher relative intensities of the carbohydrate
Raman bands. The scatter plot of the leave-one-
spectrum-out PLSR-predicted OD values against the
crystal violet test OD values is shown in Figure 2. A
linear correlation between the OD values and the
Raman spectral signatures of the analyzed S. aureus
strains independently of their disease background
could be seen by the simultaneous increase of the
predicted OD values and the OD value obtained from
the crystal violet tests supported by the calculated
correlation factor of 0.67.

The loadings are displayed for all 10 used PLSR com-
ponents in Figure 3 (left) and reveal differences between
the strains at band positions 787, around 805 (nucleic
acids), and at 849 cm�1 (likely corresponding to the
858-cm�1 C O C 1,4 glycosidic link band in Figure 1),
949, 1031, and 1126 cm�1 (carbohydrates) as well as

FIGURE 1 Representative Raman spectra with standard

deviation of four Staphylococcus aureus strains from different

optical density (OD) regions. Depicted are the normalized and base

line corrected mean spectra with standard deviation of S. aureus

strain Kakl54 ( , turquoise), a high biofilm producer with an

OD of around 30 in the crystal violet test, S. aureus Hawa51 ( ,

purple), a low biofilm producer giving an OD value of 4 in the

crystal violet test, S. aureus strain Genä42 ( , yellow), an

intermediate biofilm producer with a OD value of 10 in the crystal

violet test and as the second intermediate biofilm producer with an

OD of 21 in the crystal violet test the S. aureus strain M5 ( , red)

EBERT ET AL. 2665



around 1004 cm�1 (phenylalanine). Loadings 1–3 show
the best correlation between OD and PLSR scores as
depicted in Figure 3 (right). The negative and positive
bands at the described positions indicate that high
biofilm formation correlates with increased Raman
signals for carbohydrates and proteins but reduced
Raman bands of nucleic acids.

4 | DISCUSSION

Biofilm-associated infections have drawn increasing
attention in the last decades because they are difficult to
diagnose and antibiotic treatment very often fails to erad-
icate the infection. Principally, this is not because of anti-
biotic resistant bacteria, but rather due to the complex
composition and structure of biofilms making antibiotic
penetration difficult.[2] Additionally, the bacteria can be
in a dormant metabolic state thereby showing phenotypic
resistance/tolerance.[2] As a consequence, many of the
standard antibiotic classes used to treat the planktonic
form of the bacteria will not work against the same spe-
cies in the dormant form within the biofilm or need at
least much higher doses.[3] Therefore, it is of utmost
importance to detect bacterial biofilms in infected
patients. Some bacterial strains have a higher capability
to grow as biofilms in vitro than others. Although we
cannot be sure that the strains with high biofilm forming
capability in vitro would behave the same as in vivo, it
still would be desirable to have a rapid in vitro tool for
prediction if the bacterial strain responsible for the
infection will have a high probability to form biofilm or
not. This could help to improve diagnostic and treatment
options by guiding to a suitable antimicrobial therapy in
advance.

Here, we explored the potential of Raman spectros-
copy as a fast and label-free technology to predict biofilm
production capability using clinical isolates of 47 different
S. aureus strains with low, medium, and high biofilm
production capability. A possible correlation between the
biochemical information of the Raman spectra signatures
with OD experimental values obtained from in vitro
grown biofilms was found using PLSR analysis. This
correlation was independent of the disease background
from which the strains were isolated.

Three carbohydrate bands (849, 949, and 1031 cm�1)
were found to be positively correlated with the in vitro
formation of biofilms. Carey et al.[20] and Samek et al.[30]

also reported an increase in the band intensity near
950 cm�1 in S. epidermidis biofilm compared with
planktonic phase. In biofilms formed by Gram-negative
strains such as Escherichia coli, Klebsiella pneumoniae,
and Pseudomonas aeruginosa, a higher intensity of those
bands was found in comparison with the planktonic form
as well.[17] Generally, the wavenumber region of 700–
950 cm�1 is representing side group deformations in
different carbohydrates that were measured as refer-
ences.[42] These bands were also observed in a Raman
spectroscopic study of different oral biofilms caused by
cariogenic streptococci.[26] Also, we additionally observed
an increased intensity of the 1126 cm�1 carbohydrate
band in high biofilm formers. This band frequently
showed a higher intensity in other biofilms as well, such
as in P. aeruginosa biofilms,[16–18,21] the bacterial species
that is most studied for biofilms, and in biofilms from
E. coli and K. pneumoniae.[17]

The nucleic acid bands at 787 and 805 cm�1 were
found to have a negative correlation with the in vitro
biofilm OD values in our PLSR. This likely reflects a
reduced metabolism in the bacteria that results in less

FIGURE 2 Correlation of the partial least

square regression (PLSR)-predicted optical

density (OD) values with biofilm production

values. Depicted are the OD values predicted by

the leave-one-spectrum-out PLSR against the

experimental biofilm OD values from the crystal

violet biofilm test. Each vertical line represents

one strain with the single Raman spectra

represented as single dots, whereas the color

indicates the disease background of the strains

( blue, hematogenous osteomyelitis; green

nasal colonization; orange nonhematogenous

osteomyelitis; brown, sepsis)
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production of RNA leading to a reduction of the RNA
band intensity at 805 cm�1 and the purine bases band
intensity at 787 cm�1. In agreement, Carey et al.[20]

reported an absence of the RNA band at 810–815 cm�1

in E. coli biofilm, whereas it was well present in its
planktonic counterpart. Therefore, the result of the
PLSR can be explained also by a downregulated RNA
production associated with an increased biofilm

FIGURE 3 Loadings and score plots of partial least square regression (PLSR) for whole data set showing the 10 PLSR components. The

loadings (left) reveal negative correlation of the Raman bands at 787 cm�1 and 804–809 cm�1 (nucleic acids) and a positive correlation of the

bands at 849, 949, 1031, and 1126 cm�1 (carbohydrates) and the phenylalanine band at 1004 cm�1 (proteins) with the optical density

(OD) values from the crystal violet test is seen. The score plots with the first three PLSR loadings (right) can achieve a slight separation of

the Raman data according to the OD values from the crystal violet test (especially PLSR component 2). The color codes the OD values from

crystal violet test
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production. Possible DNA is likely to be washed away
during sample preparation. The band at 1581 cm�1

also displayed a decreased relative intensity in high
biofilm producer strains (Figures 1 and S5). A relative
decrease of the nucleic acid band intensities was
generally also observed in biofilms from other common
clinical bacterial species.[16,17,23,25]

Another prominent band positively correlated with
the OD values from crystal violet test is the phenylala-
nine band at 1004 cm�1. Proteins beside carbohydrates
and extracellular DNA are the third main component in
the bacterial biofilm. A recent review that summarized
current studies on biofilms using Raman spectroscopy
and surface-enhanced Raman spectroscopy suggested
that the phenylalanine ring-breathing band could be used
as protein signature band for biofilm formation.[43]

Thus, it might be a good indicator for detection of
protein-based biofilms. Indeed, S. aureus is known to
either produce PIA-based biofilms or protein-based bio-
films.[5] Therefore, our results indicate that the increase
in the phenylalanine band might be a good indicator for
biofilm production capability in protein-based biofilms
that lack PIA. An increase in the phenylalanine
band was also found in Pseudomonas sp. strain ADP
biofilm[21] and P. aeruginosa biofilm[16] compared with
the planktonic form.

It has to be noted that the cultivation conditions for
the Raman experiment are not identical to the crystal vio-
let assay. We used much shorter cultivation times for the
Raman experiment to detect metabolic changes in
the bacterial cells in preparation of biofilm formation.
Ideally, fresh bacterial samples directly isolated from the
patient should have been used, which was—unfortu-
nately—not possible during sample collection. In this
study, bacteria from blood agar plates were used. Thus,
our interpretation of detecting EPS molecule signatures
in the Raman spectra is based on the assumption that
bacteria in the liquid culture might have already started
producing molecules that are used for building up the
EPS. Two observations are supporting our hypothesis:
first, the EPS can make up to 10 times the mass of bacte-
rial cells,[44] thus making high production and secretion
of EPS molecules necessary that might start already
before attachment of the bacteria to a surface and might
be necessary for the attachment process itself. Second, it
is generally accepted that strong shear forces promote
biofilm formation.[45] The bacterial cultures used in this
study were shaken at high speed generating strong shear
forces as well and might therefore have induced synthesis
of molecules involved in biofilm formation. This is
supported by a recent study showing that biofilm forma-
tion is increased in S. epidermidis patient isolates from

environments with high shear stress such as catheters
and that these strains showed enhanced PIA production
under high shear forces in vitro.[46]

A study by Rebrosova et al.[47] showed that it is
possible to use Raman spectroscopy for differentiation of
biofilm-positive and biofilm-negative S. epidermidis and
Candida parapsilosis strains, respectively, with high
accuracy. Similar to our study, they tested the strains for
biofilm formation with a crystal violet test and used this
information (biofilm positive or negative) for classifica-
tion of the strains in different machine learning methods.
Interestingly, the biofilm prediction was successful
although Raman spectra acquisition was also not done
on the strains grown as biofilm. Instead, Raman spectra
were measured from colonies grown for 24 h on agar
plates. This supports the results from our study where we
have used planktonic bacteria instead of cultivated
biofilms.

5 | CONCLUSION

The study demonstrates that Raman spectroscopy gives
the possibility to be applied also as a fast predictable
method for biofilm formation in vitro without prior bac-
terial cultivation with biofilm production. The (weak)
correlation seen in leave one spectrum out scores of
predicted OD against real OD as well as in the score plots
from the whole data set together is a very promising indi-
cation of this. For validation, more data have to be col-
lected in future. Combined with the rapid analysis of
antibiotic susceptibility and bacterial species prediction,
this technology gives the possibility to identify further
important clinical features of bacterial strains isolated
from patients with bacteremia, prosthesis, or wound
infection. It therefore could estimate the risk of a patient
if the strain responsible for the infection could form a
biofilm or not. This would help to prevent biofilm forma-
tion by using antibiotics that are known to efficiently
penetrate biofilms and might help to avoid removal of
implants for the purpose of in vivo diagnostics and
therapy.
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