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Abstract

Most antimicrobials currently used in the clin-
ical practice are tested as growth inhibitors
against free-floating microorganisms in a liq-
uid suspension, rather than against sessile cells
constituting biofilms. Hence, reliable, fast, and
reproducible methods for assessing biofilm
susceptibility to antimicrobials are strongly
needed. Isothermal microcalorimetry (IMC)

is a nondestructive sensitive technique that
allows for the real-time monitoring of micro-
bial viability in the presence or absence of
antimicrobial compounds. Therefore, the effi-
cacy of specific antimicrobials, alone or in
combination, may be promptly validated
supporting the development of new drugs and
avoiding the administration of ineffective
therapies. Furthermore, the susceptibility of
both planktonic and biofilm cells to
antimicrobials can be conveniently assessed
without the need for elaborated staining
procedures and under nontoxic working
conditions. Quantitative data regarding the
antimicrobial effect against different strains
might be collected by monitoring the micro-
bial cell replication, and, more importantly, a
dose-dependent activity can be efficiently
detected by measuring the delay and decrease
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in the heat flow peak of the treated samples. A
limitation of IMC for anti-biofilm susceptibil-
ity test is the inability to directly quantify the
non-replicating cells in the biofilm or the total
biomass. However, as IMC is a nondestructive
method, the samples can be also analyzed by
using different techniques, acquiring more
information complementary to calorimetric
data. IMC finds application also for the inves-
tigation of antibiotic eluting kinetics from dif-
ferent biomaterials, as well as for studying
bacteriophages activity against planktonic
and biofilm bacteria. Thus, the wide applica-
bility of this ultra-sensitive and automated
technique provides a further advance in the
field of clinical microbiology and biomedical
sciences.
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Abbreviations
CAMHB
+2.5% LHB

Cation Adjusted Müller Hinton
Broth supplemented with 2.5%
lysate horse blood

CFUs Colony-forming units
GC Growth control
HA Hyaluronic acid
HA/Levo Levofloxacin-loaded

hyaluronic acid hydrogel
HA/PBS Phosphate buffered saline/

hyaluronic acid hydrogel
Htot Total heat produced
IMC Isothermal microcalorimetry
k Growth rate constant
λ Lag phase
MBBC Minimum biofilm bactericidal

concentration
MBEC Minimum biofilm eradicating

concentration
MBPC Minimum biofilm preventing

concentration
MHIC Minimum heat inhibiting

concentration

MHICb Minimum heat inhibiting con-
centration for biofilm

MIC Minimum inhibiting
concentration

Pmax Maximum heat flow peak
PBS Phosphate buffered saline
S. pyogenes Streptococcus pyogenes
Tmax Time of the maximum heat flow

peak
TTD Time to detection
TSA Trypticase soy agar
TSA+2.5%
LHB

Trypticase soy agar
supplemented with 2.5% lysate
horse blood

1 Introduction

The evaluation of antimicrobial susceptibility is a
crucial procedure in the development of new
drugs, as well as in the prediction of the therapeu-
tic outcome during the treatment of an infection.
Determining the minimum inhibiting
concentrations (MICs) against planktonic
microorganisms represents the starting point to
estimate the efficacy of antimicrobial agents
with the aim of successfully manage acute
infections (Bjarnsholt 2013). However, since
65–80% of human infections is caused by
pathogens in the form of biofilms (Coenye and
Nelis 2010), the difficulty of employing conven-
tional susceptibility tests raised the need for the
development of biofilm susceptibility assays
(Ciofu et al. 2017; Percival et al. 2015).

Biofilms consist of complex aggregations of
microbial cells embedded within a self-produced
matrix which adhere to each other and to living or
abiotic surfaces (Bjarnsholt et al. 2013). Biofilm
microorganisms are rather different from their
planktonic counterparts in terms of metabolic sta-
tus and display a significantly higher resistance to
the host immune response and antibiotic treat-
ment (Zimmerli et al. 2004), ultimately causing
chronic persisting infections.

Although no “gold standard” is currently
available to reveal the presence of microbial
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biofilm from samples collected within clinical
settings, various techniques have been developed
for the analysis of biofilm-embedded cells, such
as crystal violet, alamar blue (Di Luca et al.
2017), resazurin (Dalecki et al. 2016), and confo-
cal laser scanning microscopy (Di Luca et al.
2017), as well as methods based on biofilm
dislodging, culture plating, and colony counting.
Nevertheless, most of these methods either
requires the use of toxic reagents or implies scarce
reproducibility and time-consuming procedures.
In addition, many of them do not allow to perform
a real-time monitoring of the drug activity and to
use the sample for further analysis using different
methods. Thus, highly sensitive and accurate
methods for the real-time analysis of biofilm are
required.

IMC is a nondestructive method which allows
for the monitoring in the microwatt range of any
exothermic or endothermic reaction related to
physical and chemical process in the tested sam-
ple. All chemical and biological processes either
generate or consume heat, which can be measured
by IMC as heat flow. Indeed, IMC enables a
precise real-time monitoring of the heat flow
related to the microbial metabolism, which
might proportionally correlate to the growth rate
of the tested microorganism (Braissant et al.
2010, 2013) at any time point. Recent literature
also reported on the convenient combination of
IMC with another noninvasive and automated
technique for the investigation of metabolic
profiles belonging to mature biofilms of fast-
and slow-growing bacteria (Solokhina et al.
2017). Moreover, previous studies showed the
suitability of this nonconventional technique as
an analytical method to assess the antimicrobial
activity of different compounds against several
pathogens (Gonzalez Moreno et al. 2017;
Bormann et al. 2017; Oliva et al. 2014) and
parasites in both their planktonic and biofilm
forms (Gonzalez Moreno et al. 2017; Furustrand
Tafin et al. 2013; Wenzler et al. 2012). Then, the
ability of resorbable and degradable biomaterials
to prevent biofilm formation of various bacterial
strains (Butini et al. 2018) and to treat an already
established biofilm infection (Casadidio et al.
2018) was also investigated by IMC. In addition,

further studies reviewed the use of this sensitive
technique for biofilms research applied to various
field (Buchholz et al. 2010a) and investigated the
ability of chip calorimetry in evaluating the activ-
ity of antimicrobials on biofilms (Buchholz et al.
2010b). Of note are also the application of IMC
for investigating the metabolism of biofilms
grown on zirconia and titanium surfaces
(Roehling et al. 2017) and for quantifying the
antimicrobial efficacy of implant coatings
(Braissant et al. 2015b).

Among others, Streptococcus pyogenes is one
of the pathogens that might be isolated from
hematogenous implant-associated infections due
to its ability to spread and form biofilm (Gonzalez
Moreno et al. 2017).

Here, we described the use of IMC to evaluate
in real time the susceptibility of planktonic and
biofilm S. pyogenes to levofloxacin. In addition,
we reported the procedure to test the capability of
antimicrobial agents to prevent biofilm growth on
porous glass beads. We defined the minimum
heat inhibiting concentration (MHIC) as the min-
imum concentration of antibiotic able to suppress
the metabolic heat production of planktonic bac-
teria and the minimum biofilm bactericidal con-
centration (MBBC) as the lowest concentration
that strongly reduced biofilm cells viability. As
IMC is a noninvasive technique that allows to
reuse the sample for further analysis, the minimal
biofilm eradicating concentration (MBEC) was
also evaluated by sonication of biofilms formed
on the beads and plating of sonication fluids for
colony counting.

2 Materials and Methods

2.1 Storage and Culture of Bacterial
Strain

Stocks of Streptococcus pyogenes (strain ATCC
19615) were prepared and maintained in cryovial
bead preservation system at �80 �C. The bacte-
rial strain was cultivated on trypticase soy agar
(TSA) supplemented with 5% defibrinated sheep
blood for 18 h at 37 �C under 5% CO2

atmosphere.
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2.2 IMC

For isothermal microcalorimetric analysis, a
TAM III-48 microcalorimeter (TA Instruments,
New Castle, DE, USA) with a detection limit of
heat production of 0.2 μW and equipped with
48 minicalorimeters was used. Sterile glass
ampoules (4 ml volume) were sealed for air tight-
ness and introduced into the minicalorimeters in
the equilibration position. After 15 min, ampoules
were lowered in the measuring position, and then
heat flow (μW) and heat (J) were measured in
real time.

2.3 Antimicrobial Assay Against
Planktonic Bacteria by Real-
Time IMC

An inoculum was prepared according to a
McFarland standard turbidity of 0.5
(corresponding to ~108 Colony Forming Units
(CFUs)/ml, λ ¼ 565 � 15 nm) and diluted in
Cation Adjusted Müller Hinton Broth
supplemented with 2.5% lysate horse blood
(CAMHB+2.5% LHB) to a final concentration
of ~106 CFUs/ml (T0). The exact CFUs/ml was
determined by plating 100 μl of tenfold serial
dilutions of the initial inoculum (T0) on TSA
supplemented with 5% defibrinated sheep blood
and counting colonies after 18-h incubation at
37 �C under 5% CO2 atmosphere. Then, twofold
serial dilutions of 10� concentrations of
levofloxacin (5 mg/ml, Sanofi) were prepared,
and glass ampoules were filled with 2400 μl
CAMHB+2.5% LHB, 300 μl 10� concentration
of the diluted antibiotic, and 300 μl diluted bacte-
rial suspension (T0) to a final concentration of ~1-
5 � 105 CFUs/ml. One ampoule with 3000 μl
CAMHB+2.5% LHB and another one with
inoculated CAMHB+2.5% LHB (~1-5 � 105

CFUs/ml) were included as negative (sterility)
and positive (growth) control, respectively.
Ampoules were sealed for airtightness and
inserted in the minicalorimeters, first in the equil-
ibration position (15 min) and then in the measur-
ing position. The analysis was carried out for 24 h

at 37 �C, and the minimum heat inhibiting con-
centration (MHIC) was defined as the lowest
antimicrobial concentration that inhibited the bac-
terial metabolic heat production during 24-h incu-
bation in the microcalorimeter, thus resulting in
an undetectable heat flow signal. Each experiment
was performed in triplicate.

2.4 Antimicrobial Assay Against
Biofilm Bacteria

2.4.1 Real-Time IMC
For biofilm formation on porous glass beads
(diameter, 4 mm; pore size, 60 μm; porosity,
0.2 m2/g), a microbial inoculum was prepared
according to a McFarland standard turbidity of
1.0 and subsequently diluted 1:10 in Tryptic Soy
Broth supplemented with 2.5% lysate horse blood
(TSB + 2.5% LHB). Then, sterile porous glass
beads were incubated in the diluted bacterial sus-
pension for 24 h at 37 �C. After incubation, beads
with biofilm were carefully rinsed (3�) using
sterile saline (0.9% NaCl) and exposed to twofold
serial dilutions of antibiotic in glass ampoules
filled with a final volume of 3000 μl fresh
CAMHB+2.5% LHB (1 bead/1 ampoule). One
ampoule containing 3000 μl CAMHB+2.5%
LHB and one sterile bead and another one with
3000 μl CAMHB+2.5% LHB and a bead with
untreated biofilm were included as negative (ste-
rility) and positive (growth) control, respectively.
IMC analysis was run for 24 h at 37 �C. The
minimum heat inhibiting concentration for bio-
film (MHICb) was defined as the lowest antimi-
crobial concentration that completely inhibited
the heat production related to the viability of
biofilm cells during 24-h incubation in the micro-
calorimeter, so resulting in an undetectable heat
flow signal. Each experiment was performed in
triplicate.

2.4.2 Sonication of Beads and Colony
Counting

To determine the exact number of CFUs/ml on
the glass bead after 24-h incubation, beads with
biofilm were sonicated for colony counting.
Briefly, washed beads were transferred to
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Eppendorf tubes filled with 1 ml phosphate buff-
ered saline (PBS; pH 7.4, 10 mM) and vortexed
for 30 s. Afterward, beads were sonicated for
1 min in a bath sonication instrument at 40 kHz
and 0.2 W/cm2 and finally vortexed for 30 s. Fifty
microliters of tenfold serial dilutions of the soni-
cation fluid were plated on TSA supplemented
with 5% defibrinated sheep blood, and colonies
were counted after 18-h incubation at 37 �C under
5% CO2 atmosphere and expressed as CFUs/ml.
Each experiment was performed in triplicate.

2.4.3 Evaluation of the Reduction/
Eradication of Sessile Cells

By Sonication and Colony Counting

To evaluate the reduction/eradication of biofilm
cells after IMC, ampoules containing biofilm
showing no heat production and ampoules
containing untreated biofilms (growth control)
were opened, beads were carefully rinsed (3�)
using sterile saline to remove any trace of antimi-
crobial agent, and sonication/colony counting
was performed as described above (Sect. 2.4.2.).
The minimum biofilm eradicating concentration
(MBEC) was defined as the lowest antimicrobial
concentration required to kill sessile cells
(0 CFUs/bead on plate counts).

By IMC

Ampoules containing biofilm on beads showing
no heat production and ampoules containing
untreated biofilms (growth control) were opened,
and beads were carefully rinsed (3�) using sterile
saline to remove any trace of antimicrobial agent
and incubated in ampoules filled with 3000 μl
fresh CAMHB+2.5% LHB. One ampoule
containing 3000 μl CAMHB+2.5% LHB and
one sterile bead and another ampoule with
3000 μl CAMHB+2.5% LHB and a bead with
untreated biofilm were included as negative con-
trol (sterility) and positive (growth) control,
respectively. IMC analysis was carried out for
48 h at 37 �C. The minimum biofilm bactericidal
concentration (MBBC) was defined as the lowest
antimicrobial concentration that strongly reduced

the number of viable bacterial cells within the
biofilm, therefore leading to undetectable heat
flow values. In this analysis, the heat monitored
was related to the metabolic reactivation of cells
within biofilm during 48-h incubation in fresh
medium.

2.5 Biofilm Prevention Assay

An inoculum was prepared according to a
McFarland standard turbidity of 0.5 and diluted
in CAMHB+2.5% LHB to a final concentration
of ~107 CFUs/ml (T0). The exact CFUs/ml was
determined by plating tenfold serial dilutions of
the initial inoculum (T0) and counting colonies
after 18-h incubation at 37 �C under 5% CO2

atmosphere, as described above. Twofold serial
dilutions of 10x concentration of levofloxacin
were prepared, and test tubes were filled with
2400 μl CAMHB+2.5% LHB, 300 μl 10� con-
centration of the diluted antibiotic and 300 μl
diluted bacterial suspension (T0) to a final con-
centration of ~1-5x106 CFUs/ml. Finally, one
sterile porous glass bead was added to each
tube. One tube with 3000 μl CAMHB+2.5%
LHB and one sterile bead and another one with
inoculated CAMHB+2.5% LHB (~1-5 � 106

CFUs/ml) and one sterile glass bead were
included as negative (sterility) and positive
(growth) control, respectively. After 24-h incuba-
tion, beads were carefully rinsed (3�) with sterile
saline and incubated in sterile glass ampoules
with 3000 μl CAMHB+2.5% LHB. One ampoule
with 3000 μl CAMHB+2.5% LHB and one sterile
bead and another one with 3000 μl CAMHB
+2.5% LHB and a bead with untreated biofilm
were included as negative control (sterility) as
positive (growth) control, respectively. The IMC
analysis was carried out at 37 �C for 48 h, defin-
ing then the minimum biofilm preventing concen-
tration (MBPC) as the lowest antimicrobial
concentration that prevented the formation of bio-
film on the glass beads, thus leading to an unde-
tectable heat flow signal during 48-h incubation
in fresh medium.
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2.6 Formulation of Levofloxacin-
Loaded Physical Hydrogel, Drug
Release by Agar Diffusion Assay,
and Antibiotic Activity by IMC

Levofloxacin-loaded physical hydrogels, tested
as antibiotic delivery reservoirs, were formulated
in microcalorimetric glass ampoules dissolving
hyaluronic acid (HA) (hyaluronic acid sodium
salt, Sigma-Aldrich, Germany) in levofloxacin
solution (5 mg/ml) to a final concentration of
15% w/v (final volume 300 μl). Upon mixing,
ampoules containing hydrogels were incubated
at 37 �C. As a control, HA physical hydrogels
were formulated dissolving HA in PBS (pH 7.4,
10 mM) at a final concentration of 15% w/v.

Upon gelification, 1200 μl PBS buffer (pH 7.4,
10 mM) were added on top of the hydrogels, and
ampoules were statically incubated at 37 �C. At
different time points, 60 μl of release buffer were
sampled and replenished. The concentration of
active levofloxacin released was evaluated by
agar diffusion assay against S. pyogenes (strain
ATCC 19651), as previously reported (Butini
et al. 2018; Casadidio et al. 2018). Briefly, a
bacterial inoculum was prepared according to a
McFarland standard turbidity of 0.5 (~1-5 � 108

CFUs/ml, λ ¼ 565 � 15 nm). Then, a sterile
cotton swab was dipped into the bacterial suspen-
sion to evenly streak the surface of a CAMH agar
plate supplemented with 5% defibrinated sheep
blood. Next, a 6 mm hole was punched on the
plate and filled with 60 μl of sampled release
buffer. After 20 � 4 h incubation, bacterial
growth’s inhibition halos were measured, and
the concentration of active levofloxacin was cal-
culated according to a calibration curve. Each
experiment was performed in triplicate.

The real-time microcalorimetric analysis of the
antimicrobial activity of levofloxacin eluted by
the physical hydrogel was monitored for 24 h at
37 �C. Briefly, ~1–5 � 105 CFUs/ml of
S. pyogenes were inoculated in CAMHB+2.5%
LHB and incubated in glass ampoules together
with levofloxacin-loaded hydrogels (final volume
bacteria+gel 1500 μl). As controls, bacterial cells
in the same concentration were incubated in

CAMHB+2.5% LHB with HA/PBS gel and with-
out gel, whereas a negative control consisting in
HA/PBS gel was incubated with sterile medium.
Each experiment was performed in duplicate.

2.7 Data Analysis

IMC data analysis was accomplished using the
manufacturer’s software (TAM Assistant; TA
Instruments, New Castle, DE, USA). Resulted data
were expressed as heat flow (μW) versus time
(h) and as heat (J) versus time (h). Figures were
plotted using GraphPad Prism 6.00 (GraphPad Soft-
ware, La Jolla, CA, USA). IMC time to detection
(TTD, h) was defined as the time between the inser-
tion of the ampoule into the minicalorimeter and the
exponentially increasing heat flow production
exceeding the threshold of 10 μW (Trampuz et al.
2007). The maximum heat flow peak (Pmax, μW),
the time of the maximum heat flow peak (Tmax, h),
and the total heat produced (Htot, J) were defined as
the highest value of the heat flow-time curve, the
time at which the Pmax was detected and the cumu-
lative amount of heat produced during the whole
experiment, respectively. IMC data were converted
into microbiologically relevant information such as
growth rate constant (k, h�1) and lag phase (λ, h) by
deriving according to growth models, as previously
reported (Yang et al. 2007; Howell et al. 2012;
Braissant et al. 2013).

3 Results

3.1 Antimicrobial Assay Against
Planktonic Bacteria

Antimicrobial activity of levofloxacin was tested in
real time against planktonic S. pyogenes (strain
ATCC 19615). Figure 1 shows the recorded heat
flow (μW) (Fig. 1a) produced by S. pyogenes at
each time point due to exothermic metabolic pro-
cesses and the total heat (Fig. 1b), which is the
cumulative amount of heat (J) produced over the
experimental time. This parameter expresses the
area under the heat flow curve, and it is indeed
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obtained by the mathematical integration of the
instantaneous heat curve. The shape of the total
heat curve is similar to the bacterial growth curve.
Indeed, the total heat represents a proxy for bacte-
rial replication and reaches a maximum value as the
bacterial metabolic activity starts to diminish. The
incubation with levofloxacin determined a dose-
dependent reduction of heat produced by bacteria,
as compared to the metabolic activity of the
untreated control (GC). The MHIC of levofloxacin
against planktonic S. pyogenes was 1 μg/ml.

Moreover, the thermokinetic parameters of
S. pyogenes growth during incubation with vari-
ous concentrations of levofloxacin are listed in
Table 1. The growth rate constants (k) gradually
decreased with increasing concentrations of

antibiotic from 1.35 � 0.01 h�1 to 0 h�1, when
bacteria were incubated with levofloxacin ranging
from 0.125 to 1 μg/ml, respectively. S. pyogenes
growth was completely inhibited during the mon-
itoring time when the concentration of antibiotic
reached 1 μg/ml, showing an inhibitory ratio (I) of
100%. A growth inhibition exceeding the 50%
was already observed after treatment with
0.25 μg/ml levofloxacin.

3.2 Antimicrobial Assay Against
Biofilm Bacteria

The activity of levofloxacin was also tested in real
time against 24-h-old biofilms of S. pyogenes

Fig. 1 Microcalorimetric analysis of planktonic
S. pyogenes (ATCC 19615) co-incubated with different
concentrations of levofloxacin. (a) Heat flow and (b) heat
plot. Numbers represent concentrations of levofloxacin

(μg/ml). Circled value represents the MHIC. GC growth
control, NC negative control. Representative data of
replicated experiments are reported

Table 1 Parameters of S. pyogenes growth in the presence of increasing concentrations of levofloxacin

C (μg/ml) k (h�1)a R2 I (%)b

0 1.87 � 0.38 0.9995 � 0.0001 0.00
0.125 1.35 � 0.01 0.9998 � 0.0005 24.72 � 13.75
0.25 0.75 � 0.03 0.9991 � 0.0000 57.91 � 8.64
0.5 0.06 � 0.08 0.9983 � 0.0000 96.23 � 5.34
1 0.00 – 100.00 � 0.00

Data are expressed as mean � SD, n ¼ 3
k (h�1): growth rate constant
R2: correlation coefficient
I (%): inhibitory ration
aln Wt ¼ ln W0 + kt
bI ¼ [(k0-kc)/k0]�100%

Real-Time Antimicrobial Susceptibility Assay of Planktonic and. . . 67



(strain ATCC 19615). As shown in Fig. 2, all the
tested concentrations of levofloxacin (ranging
from 128 to 1024 μg/ml) inhibited the replication
of bacteria from the biofilm, resulting in a sup-
pression of the heat production during 24-h incu-
bation in the microcalorimeter (Fig. 2a and b).
Therefore, the MHICb was �128 μg/ml.

Then, the analysis of viable bacteria attached
on the beads was performed by colony counting
after bead sonication and plating of the sonication
fluids. As shown in Fig. 2c, an increase of � 2
log10 CFUs/ml was observed in the GC samples,
as compared to the CFUs/ml calculated after

sonication of the bead before the treatment (T0).
Moreover, a dose-dependent reduction of
S. pyogenes CFUs/ml was observed for all
samples treated with levofloxacin, as compared
to the GC (Fig. 2c). A concentration of 1024 μg/
ml levofloxacin was able to kill all sessile cells, as
no colonies were observed after sonication and
plating (plating detection limit ¼ 20 CFUs/ml).

In order to confirm the data observed by col-
ony counting, a set of beads was washed after
24-h treatment with antibiotic and inoculated in
fresh medium (without any antibiotic) for a sec-
ond round of calorimetric analysis. As shown in

Fig. 2 Microcalorimetric analysis of S. pyogenes (ATCC
19615) biofilm co-incubated with different concentrations
of levofloxacin. (a) The curve corresponds to the instanta-
neous heat produced by viable bacteria present in the
biofilm of the growth control (GC) and (b) to the total
heat produced during the whole experiment. The absence
of heat production corresponds to biofilm co-incubated
with antibiotic. Numbers represent concentrations of

levofloxacin (μg/ml). GC growth control, NC negative
control. Representative data of replicated experiments are
reported. (c) Evaluation of biofilm survival after anti-
biofilm treatment by CFUs counting of the sonicated
beads. Arrow indicates the MBEC. T0, CFUs/ml on
glass beads before anti-biofilm treatment; GC biofilm
growth control, NC negative control; (mean � SD, n ¼ 3)
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Fig. 3, a heat signal was observed for all the
samples pre-treated with levofloxacin ranging
from 128 to 512 μg/ml, suggesting that residual
bacteria were present on the beads and therefore
replicated in fresh medium. By contrast, biofilm
pre-treated with 1024 μg/ml levofloxacin showed
no heat production.

As reported in Table 2, a longer lag phase (λ)
of ~20 h, ~25 h, and ~35 h was observed when
biofilm was treated with increasing antibiotic
concentrations (from 128 to 512 μg/ml, respec-
tively), as compared to the growth lag phase
displayed by the untreated biofilm (~5 h),
suggesting a gradually decreased number of via-
ble bacteria left on the beads. This increase in the
lag phase obtained from IMC data analysis was

also consistent with the bactericidal effect of the
drug observed after plating the sonication fluid
and counting bacterial colonies. Additionally,
Table 2 reports also on the Pmax (μW), Tmax (h),
and Htot (J) related to the metabolic activity of
viable bacteria in the biofilm after the antibiotic
treatment. Similarly, values of maximum heat
flow peaks progressively increased, while their
corresponding Tmax decreased, when biofilms
were treated with more diluted antibiotic doses.
The total heat (after 48 h) produced from the
samples treated with 128 and 256 μg/ml of
levofloxacin did not vary deeply from the growth
control (4.13 � 0.72, 4.04 � 0.16, and
4.05 � 0.13 J, respectively). However, higher
concentrations of levofloxacin (512 and

Fig. 3 Microcalorimetric analysis of S. pyogenes (ATCC
19615) biofilm treated with different concentrations of
antibiotic. Each curve shows (a) the heat produced by
viable bacteria present in the biofilm after 24 h of antibi-
otic treatment or no treatment (GC) and (b) to the total heat

produced during the whole experiment. Numbers repre-
sent concentrations of levofloxacin (μg/ml). Circled value
represents the MBBC. GC growth control, NC negative
control. Representative data of replicated experiments are
reported

Table 2 Microcalorimetric parameters of S. pyogenes biofilm pre-treated with levofloxacin

Levofloxacin (μg/ml)

0 128 256 512 1024

Pmax (μW) 214.84 � 1.79 136.72 � 18.07 128.86 � 24.68 81.86 � 67.97 2.00 � 0.23
Tmax (h) 6.35 � 0.17 25.70 � 3.34 31.28 � 3.86 33.96 � 13.41 26.49 � 17.32
Htot (J) 4.13 � 0.72 4.04 � 0.16 4.05 � 0.13 2.83 � 2.01 0.28 � 0.03
TTD (h) 2.93 � 0.46 19.40 � 2.14 23.33 � 3.33 29.66 � 17.39 –

λ (h) 5.50 � 0.79 20.80 � 2.59 25.37 � 1.27 35.83 � 8.51 –

Data are expressed as mean � SD, n ¼ 3
Pmax (μW): the maximum heat flow peak
Tmax (h): time of the maximum heat flow peak
Htot (J): total heat produced
TTD (h): time to detection
λ (h): lag phase duration
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1024 μg/ml) resulted in a decrease in the total heat
produced (2.83 � 2.01 and 0.28 � 0.03 J, respec-
tively). Lastly, the time needed to reach the detec-
tion threshold of 10 μW (TTD) was longer when
biofilms were treated with increasing amounts of
drug (from ~20 h to ~30 h, respectively, after
treatment with 128 and 512 μg/ml of drug). The
treatment with 1024 μg/ml of levofloxacin
resulted in a deep reduction of bacterial cell via-
bility. Indeed, the heat flow value never exceeded
10 μW, thus remaining undetectable during the
48 h monitoring.

3.3 Biofilm Prevention Assay

The evaluation of the biofilm preventing activity
of levofloxacin is represented in Fig. 4, whereas
Table 3 reports on the corresponding parameters
of Pmax (μW), Tmax (h), Htot (J), and TTD. The
heat flow observed during 48 h IMC monitoring
is related to the metabolic activity of viable bac-
teria attached on the beads during the
co-incubation with the antibiotic. By contrast,
the absence of heat flow after 48 h would corre-
late with the lack of viable cells attached to the
porous bead and, consequently, with no biofilm
formation on the abiotic surface. An alternative
explanation could be that specifically
concentrated antimicrobials, giving an

undetectable heat flow signal, might have timely
suppressed free-swimming microbes before sur-
face colonization, thus avoiding biofilm develop-
ment. As observed for S. pyogenes (strain ATCC
19615), a concentration of levofloxacin 	256 μg/
ml did not determine the total reduction of heat
flow, even though a noteworthy decrease in heat
production and a significant temporal shift thereof
could be clearly appreciated. Hence, our results
suggest that, despite the high antibiotic dose
tested, levofloxacin did not successfully prevent
the formation of biofilm on the beads.

As reported in Table 3, Pmax of newly formed
biofilms after non-exposure and exposure to
levofloxacin concentrated up to 32 μg/ml did not
vary profoundly (Pmax ranged between
254.82 � 6.52 and 219.81 � 20.96 μW). Differ-
ently, when bacteria were co-incubated with drug
concentrations ranging from 64 to 256 μg/ml,
Pmax of the different curves decreased to values
lower than 200 μW (Pmax between
169.96 � 27.22 and 64.38 � 37.73 μW). The
time at which Pmax were observed differed with-
out following regular shift, suggesting a certain
extent of variability among newly developed
biofilms. By contrast, the Htot after 48-h monitor-
ing showed similar values among drug-exposed
and unexposed biofilms (around ~4.65 J), except
for biofilm grown during incubation with the
highest tested concentration (256 μg/ml), which

Fig. 4 Microcalorimetric analysis of levofloxacin
preventing S. pyogenes (ATCC 19615) biofilm formation.
Each curve shows (a) the heat produced by adherent cells
on glass beads formed during the 24 h co-incubation with
levofloxacin and (b) the total heat produced during the

whole experiment. Numbers represent concentrations (μg/
ml) of levofloxacin. GC growth control; NC negative
control. Representative data of replicated experiments are
reported
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produced a Htot of 2.27 � 1.65 J. The analyzed
heat flow curves exceeded the threshold of 10 μW
in the first half of the monitoring. Exception was
observed for the heat values given by biofilm
newly formed during incubation with 128 and
256 μg/ml levofloxacin, which indeed reached
the detection limit after 26.90 � 2.67 and
32.91 � 5.62 μW, respectively.

3.4 Formulation of Levofloxacin-
Loaded Physical Hydrogel, Drug
Release by Agar Diffusion Assay,
and Antibiotic Activity by IMC

The simultaneous drug loading and hydrogel for-
mulation was successfully achieved upon addition

of levofloxacin solution to HA and mixing at room
temperature. The biomaterial fully swelled within
a time span of 24 h (Fig. 5a), and a burst release of
~1 mg/ml levofloxacin in the release medium was
observed (Fig. 5b) within the first 8 h of incubation
at 37 �C. As depicted in the microcalorimetric
curves, when levofloxacin-loaded gels (HA/Levo
gel) were incubated with planktonic S. pyogenes
(strain ATCC 19615) for 24 h, the bacterial metab-
olism was completely inhibited, resulting in unde-
tectable heat flow values (Fig. 5c and d). By
contrast, free-swimming bacteria incubated with
control HA-gels formulated with PBS (HA/PBS
gel without antibiotic) showed an unaltered meta-
bolic activity similar to what observed for micro-
bial cells incubated with neither material nor pure
levofloxacin (GC).

Fig. 5 Formulation of levofloxacin-loaded physical
hydrogel and drug release studies. (a) Gross picture of
drug-loaded HA hydrogel after gelification (HA gel),
upon addition of release buffer on top of the hydrogel
(T0) and after a 24-h release at 37 �C. (b) Released active
levofloxacin (μg/ml) during 24 h incubation in release
buffer at 37 �C. Data are expressed as mean�SD, n ¼ 3.
(c) Heat flow and (d) heat curves resulted from 24-h real-

time IMC analysis of antimicrobial activity of levofloxacin
released from hydrogels against planktonic S. pyogenes
(ATCC 19615). GC growth control, HA/PBS gel
PBS/hyaluronic acid hydrogel (control gel without
levofloxacin), HA/Levo gel levofloxacin-loaded
hyaluronic acid hydrogel, NC negative control. Represen-
tative data of replicated experiment are reported
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4 Discussion

The analysis of the antimicrobial susceptibility in
planktonic and sessile cells is a crucial step in
either the development of a new drug or the
establishment of an effective therapy (Balouiri
et al. 2016). Therefore, a high-throughput system
for either screening the antimicrobial efficacy of
different molecules or evaluating the minimal
concentration able to kill or reduce pathogenic
microorganisms is desirable.

Here, we have reported on IMC, a nonconven-
tional approach to investigate the susceptibility of
S. pyogenes (strain ATCC 19615) to levofloxacin
by employing a 48-channel microcalorimeter. IMC
is a fast and simple method to evaluate in real time
the viability of both free-floating and sessile bacte-
ria during and after the treatment with an antibi-
otic. The IMC relies on the continuous
measurement of the heat instantaneously produced
by metabolically active cells. Hence, the effect of
antimicrobials may be evaluated in terms of metab-
olism/growth inhibition, as long as the active com-
pound is co-incubated with the tested strain
(Figs. 1, 2a and b), or bactericidal activity, when
treated samples are examined for the presence of
viable/replicating bacteria after removal of the
antimicrobial agent (Figs. 3 and 4). Due to its
high sensitivity, IMC can detect low numbers of
bacterial cells (detection limit 104–105 CFUs/ml)
that would be otherwise undetectable even using
standard optical density (600 nm) measurements
(detection limit 107–108 CFUs/ml) (Braissant et al.
2015a). Although it is not considered a
standardized method yet, IMC techniques have
been demonstrated to generate data in agreement
with those obtained after performing standard con-
ventional tests (Gonzalez Moreno et al. 2017;
Butini et al. 2018; Di Luca et al. 2017; Mihailescu
et al. 2014; Oliva et al. 2014). This holds true also
with our results (Fig. 2c and 3), where colonies
count after the anti-biofilm treatment showed a
dose-dependent activity of levofloxacin consistent
with the effect observed on the heat production of
samples treated under the same conditions.

Moreover, IMC is a noninvasive method that
allows to collect the samples after the

measurement and to then proceed with further
analysis, such as plating for colony counting.

As opposed to standard methods to assess
planktonic antimicrobial susceptibility like
macro-broth dilution, agar disc diffusion (CLSI
2018), and E-test, which are performed at end
point, IMC immediately generates data about
dynamic processes, as microbial cells replicate
during the co-incubation with the active agents.
In addition, the aforementioned tests are not spe-
cifically designed to evaluate the effective con-
centration of antimicrobials able to eradicate a
sessile community of microorganisms involved
in most infections.

By using IMC alone and in combination with
sonication, plating, and colony-counting
procedures, we defined three parameters related
to the anti-biofilm activity of an antimicrobial
compound: namely, the MHICb, MBBC, and
MBEC. All these values can be used to evaluate
and compare the anti-biofilm activities of different
compounds. Antimicrobial agents displaying
lower values are therefore more efficient in the
anti-biofilm treatment. Moreover, further descrip-
tive parameters can be inferred by calorimetric
analysis when sub-inhibiting concentrations of
antibiotics are tested, such as Pmax (μW), Tmax

(h), Htot (J), and TTD (h), which are related to
the metabolic activity of viable bacteria in the
biofilm. Given that one bacterial cell can generate
a heat of ~2 pW (Higuera-Guisset et al. 2005), a
real-time estimation of the amount of metaboli-
cally active cells in the biofilm might be made.
As an example, the number of CFUs calculated at
the maximum peak of heat flow (Pmax), which
approximately corresponds to the end of the expo-
nential growth phase, may provide important data
on the amount of active biofilm cells remained on
the porous glass bead, in our case, after the anti-
biofilm treatment. Concurrently, information
regarding the time at which the logarithmic phase
ceases (Tmax) could also be easily recruited. Nev-
ertheless, the connection between heat flow and
cell count must be considered with care, as it exists
only at early growth stages (Fan et al. 2008).
Indeed, decreases in heat production following
Pmax can be mostly related not to a decrease in
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cell number but rather to a reduced metabolic rate,
a possible switch from aerobic to anaerobic pro-
cesses or the gradual depletion and sequential use
of carbon sources (Braissant et al. 2013). Lastly,
data on the cumulative heat (Htot) produced by the
tested microorganism could be used both as end
point datum and as a real-time parameter. In fact,
Htot can be employed to calculate the overall per-
centage reduction of the total heat produced by
treated strains (compared to an untreated control),
as well as to monitor the switch from biomass
building (initial slope) to biofilm maintenance
phases (plateau) during the analysis (Astasov-
Frauenhoffer et al. 2012). The time to detection
(TTD), namely, the temporal interval lying
between the experiment start and the exponentially
increasing heat flow production exceeding the
threshold of 10 μW (Trampuz et al. 2007), also
provides real-time information on the metabolic
change from lag to log phase of microbial replica-
tion. Deeper analysis for acquiring microbio-
logically and pharmacologically relevant data has
also been described and applied (Braissant et al.
2013). Indeed, as we also reported for planktonic
and biofilm S. pyogenes treated with a fluoroquin-
olone, the calculated growth rate (k) and lag phase
(λ) provide valuable basis for comparison between
metabolic differences and bacterial cell counts of
treated and untreated samples. The tendency of an
antimicrobial compound to act in a more
microbiostatic or microbicidal manner could be
therefore efficiently investigated (Astasov-
Frauenhoffer et al. 2014), thus promptly supplying
trustful therapeutic guidelines for the management
of clinical cases.

The relevance of studying the effect of antimi-
crobial sub-inhibitory concentrations on biofilms
remarkably emerged in the recent years. Indeed,
similarly to the induction of resistance mecha-
nism in planktonic cells, sub-MHICb may foster
biofilm formation (Rachid et al. 2000), rather than
inhibit it. These data can be also obtained by
analyzing and comparing the activity of
sub-inhibitory antimicrobial concentrations by
IMC (von Ah et al. 2009) and evaluate the
amount of heat produced.

In general, IMC allows for a fast and reliable
investigation of biofilm-forming strains, without
the need for expensive disposable materials or

toxic reagents. Moreover, compared to
standardized methods for microbial biofilms stud-
ies such as crystal violet assay, resazurin fluores-
cence dye (Dalecki et al. 2016), and
quantification assays based on surface scraping,
the microcalorimetric method involves neither
biofilm staining nor physical harsh manipulation.

As reported by different authors, a critical step
in testing antibiotic is to avoid contamination
(Mah 2014). Indeed, in the majority of suscepti-
bility tests, it is difficult to detect the presence of a
contaminant microorganism, which might ulti-
mately alter the assay results. Conversely, the
outcomes obtained from microcalorimetric
measurements enable differentiating among dif-
ferent microorganisms, since each microbial
strain displays a “fingerprint” in the form of a
characteristic shape of the heat flow curve moni-
tored in real time. A contaminated sample could
be therefore more easily identified.

The main advantage of microcalorimetry is to
accommodate any type of sample that can fit in
ampoules specifically designed depending on the
instrument (in our case, 4 ml ampoules). To test
implants and other biomedical materials, this fea-
ture allows for the insertion of a label-free solid
sample into a microcalorimetric ampoule, as we
demonstrated by conveniently testing a biphasic
gentamicin-loaded calcium sulfate/hydroxyapa-
tite bone graft substitute in our recent work
(Butini et al. 2018). Similarly, further studies
also highlighted the advantageous application of
IMC for the investigation of bacterial adhesion
and biofilm formation on titanium and zirconia
implant surfaces (Roehling et al. 2017) and for
the monitoring of antimicrobial properties of
coatings or porous materials (Braissant et al.
2015b). Moreover, following a procedure similar
to what recently described (Casadidio et al.
2018), here we confirmed the suitability of this
technique for an easy formulation of
antimicrobial-loaded hydrogels and, subse-
quently, a real-time monitoring of microbial
response to the released agent. Ordinarily
assessed through specifically adjusted agar diffu-
sion methods (Marchesan et al. 2013; De Giglio
et al. 2011) requiring several hours of incubation,
the real-time analysis of the antimicrobial activity
of loaded jellified materials still faces many
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difficulties. Moreover, the poor mechanical
properties of physical hydrogels (i.e., hyaluronic
acid hydrogels) might represent a challenging
step in antimicrobial susceptibility tests on
inoculated agar plates, as the lack of structural
stability given by the absence of chemical cross-
links could hinder the analysis. Hence, the use of
IMC proved to provide a fair improvement in
these experimental procedures, as it allows for
undemanding polymer dissolution in glass
ampoules, simultaneous drug loading and follow-
ing minimal workload on the gel network.

However, IMC also carries some limitations,
mostly related to critical steps within the
operating procedure. As highlighted in the exper-
imental protocol, special attention must be paid to
ampoules sealing and cap shaping prior to inser-
tion in the minicalorimeters to avoid evaporation
and subsequent errors in the measurement.
Understandably, this essential step prevents gas
and medium exchanges inside the closed
ampoules, therefore impairing oxygen and
nutrients availability to the inoculated cells.
Hence, it is necessary to carefully evaluate the
data obtained after more than 5 days of long
incubation in the minicalorimeters. Another criti-
cal step in sample preparation is the washing of
biofilm formed on glass beads that is performed to
remove any trace of planktonic bacteria and
active molecules. During liquid aspiration in
washing steps, the contact between vacuum aspi-
rator and the bead could damage the biofilm
structure, thus leading to an erroneous interpreta-
tion of the outcomes (e.g., heat flow detection of
planktonic bacteria diffusing out from the altered
biofilm matrix or false biofilm eradication due to
aspiration of residual attached cells). Thus, care-
ful positioning of the aspirating pipette on the side
of the test tube slightly inclined is appropriate.
Lastly, in addition to drawbacks related to the
experimental procedure, the cost of the instru-
ment might be a heavy limiting factor in the
choice of application of this technique.

In general, as isothermal microcalorimeters
(as other types of calorimeters) record the net
heat flow of all processes producing or consum-
ing heat in an IMC ampoule (also non-specific

signals), it is important to include a negative
control recording heat flow from ampoules
containing only the medium and/or material with-
out any specimen.

In our previousworks,we have used thismethod
to evaluate the antimicrobial activity of different
compounds (including antibiotics (Gonzalez
Moreno et al. 2017), bacteriophages (Tkhilaishvili
et al. 2018) and antimicrobial peptides (Bormann
et al. 2017)) against different planktonic and
biofilm-embedded microorganisms, such as bacte-
ria (Gonzalez Moreno et al. 2017), fungi
(Furustrand Tafin et al. 2013), and parasites
(Wenzler et al. 2012). Moreover, IMC
demonstrated to be suitable for investigating the
ability of different materials to prevent biofilm for-
mation of different bacterial strains (Butini et al.
2018).

In conclusion, IMC is a nondestructive tech-
nique that permits the real-time analysis of micro-
bial viability in the presence or absence of
compounds with an antimicrobial activity. The
susceptibility of planktonic and, more importantly,
biofilm cells to antimicrobials can be conveniently
assessed without using time-consuming
procedures and potentially harmful reagents.
Hence, the wide applicability of this ultra-sensitive
method provides further advances in the field of
clinicalmicrobiology and biomedical sciences, fos-
tering the scientific research toward the develop-
ment of new drugs and antimicrobial biomaterials,
besides supporting physicians in choosing effec-
tive antimicrobial therapies in the daily clinical
practice.
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