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Abstract

Isothermal microcalorimetry (IMC) is regarded as a promising diagnostic tool for fast detection of bacterial contamina-
tions in various matrices. Based on a reference detection time determined by visual inspection of bacterial growth on solid
medium, we investigated the strict aerobically growing Pseudomonas putida mt-2 KT2440 in a static 4-mL ampoule system
on solid and liquid media by IMC to evaluate the three main options to reduce the detection time of bacterial contamination.
Firstly, the sample preparation (e.g. membrane filtration) leads to an elevated number of bacteria in the measuring ampoule
and thus to a reduced detection time. Secondly, the amount of substrate and oxygen has been investigated by varying the
filling volume of medium in the calorimetric ampoule. Here, we were able to show how biophysical characteristics like the
substrate and oxygen diffusion determined the shape of heat flow signals and thus the detection time. Finally, the technical
framework determines the sensitivity of the IMC instrument. We examined the impact of four different detection threshold
values (2, 10, 50 and 100 uW) on the detection time as a function of the initial number of bacteria presented in the ampoule
and the filling volume.

Keywords Aerobic system - Calorimetric detection - Isothermal microcalorimetry - Pseudomonas putida KT2440 - Real-
time monitoring

List of symbols U Voltage (V)
o Initial bacterial concentration of each dilution Vi Inoculum volume (mL)
determined by CFU counting (CFU mL™") Viediom  Filling volume of medium (mL)
Co, Concentration of the dissolved oxygen in the a Seebeek coefficient (V K1)
liquid medium (mg L) AHp,  Oxycaloric equivalent of —455 kJ mol~!
LC Liquid cultivation £ Calibration coefficient (V W)
LOD Limit of thermal detection (W) K Specific thermal conductivity (W K=!)
MF Membrane filtration u Specific growth rate (h™!)
Ny Initial number of bacteria (CFU) D et Detection threshold value (W)
nrEG Number of thermocouples )] Heat flow (W)
SC Solid cultivation ®o Cell-specific heat production rate (W)
SD Standard deviation
t Time (h)
Lgect Detection time (h) Introduction

Electronic supplementary material The online version of this In general, a calorimeter is capable of detecting the reaction
article (https://doi.org/10.1007/s10973-020-09986-0) contains heat released or taken up by any type of physical, chemi-
supplementary material, which is available to authorized users. cal or biological process in real-time [1]. This has led to
numerous applications in a wide range of fields, including
life sciences [2—6], materials science [7], biotechnology [8,
9] and medical diagnostics [10, 11]. As one of the first appli-
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guinea pigs [12]. Even the tiny heat released during bacterial
growth can be monitored using modern high-performance
calorimeters. These micro- or nanocalorimeters operate typi-
cally in isothermal mode and allow high resolutions in the
nano- to microwatt range [1].

The increase in biomass during bacterial growth proceeds
along with the formation of metabolic end products such
as water or carbon dioxide. At the molecular level, numer-
ous enzymatically controlled reactions take place that break
down energy-rich organic molecules (catabolism) or syn-
thesize biomolecules to maintain metabolism and biomass
production (anabolism) [13]. Part of the assimilated Gibbs
energy is released into the environment in the form of heat
[2, 14]. One application focus of biocalorimetry is the quali-
tative and quantitative detection of bacterial contaminations
in food [5], drinking water [15] or for sterility testing of
pharmaceuticals [16]. Current isothermal microcalorim-
eters (IMC) do not allow the detection of a single bacterial
cell, due to the low heat production rate of bacterial cells
(a few pW) [17] which overstrains the efficiency of current
heat flow sensors [18]. Detecting bacterial contaminations
is possible by monitoring the growth of the bacteria in real
time by cultivation in liquid (LC) [15, 19-22] or solid (SC)
[23-25] medium. This benefits from the exponential growth
forming substantial biomass from a single bacterial cell
within a short time [26]. In this study, we identify the fac-
tors influencing the detection time in 4-mL static ampoules
in microcalorimetric real-time monitoring using the example
of Pseudomonas putida mt-2 KT2440.

Our emphasis is on the interplay between initial bacterial
numbers, their substrate provision in LC and SC, and the
performance of the calorimeter. Detection times are com-
pared with those achieved by conventional visual detection
(i.e. the counting of colony-forming units; CFUs).

Materials and methods
Bacterial strain, medium and cultivation

Pseudomonas putida mt2-KT2440 (German Collection of
Microorganisms and Cell Cultures, DSMZ, Braunschweig,
Germany) was used for the microcalorimetric experiments.
The strain was cultivated on DSM-1 medium, recommended
by DSMZ which is composed of (in g L™!): peptone (5.0),
meat extract (3.0) and agar (15.0). The liquid pre-cultures of
P. putida were inoculated by a single colony of a pre-grown
Petri dish culture. The liquid pre-culture was incubated
overnight at room temperature. The identity of the species
was regularly checked by the morphology of the colonies
as well as by microscopy before and after the calorimetric
experiments.

@ Springer

Calorimetric monitoring

The microcalorimeter TAM III (TA Instruments, New
Castle, USA) with 12-channels as well as the cement calo-
rimeter with 14-channels MC-Cal/100 P (C3 Prozess- und
Analysetechnik GmbH, Munich, Germany) and 4.2-mL glass
ampoules were used to perform the bacterial growth experi-
ments. The glass ampoules and the caps were autoclaved at
121 °C for 40 min, subsequently filled with DSM-1 medium
or DSM-1 agar and stored in the fridge. The ampoules were
warmed up to room temperature before measurements and
inoculated with bacteria. In the case of larger filling volumes
of medium, the glass ampoules were warmed up in an incu-
bator (30+0.2 °C) to ensure fast thermal equilibration of the
whole sample. The prepared ampoules were then placed into
the channels of the microcalorimeter and thermally equili-
brated for 15 min in the pre-heating position. After further
45 min for thermal equilibration in the measuring position,
the heat flow was recorded. Before the experimental set-up
was changed (e.g. for modification of filling volume), a gain
calibration was performed to ensure the precision of meas-
urements. A single pulse of 1| mW was generated in each
channel by an integrated electrical calibration heater. As a
result of the calibration, a gain factor and the offset of the
respective channel were calculated.

In the case of the cement calorimeter, an internal electri-
cal calibration was performed before the experiments were
conducted, and gain factors, as well as the offset of each
channel, were determined. Unlike the microcalorimeter,
the prepared ampoules were directly placed in the meas-
uring position. One channel was selected as reference and
contained a reference ampoule (filled with 1 mL sterile
medium). All measurements were conducted at 30.0 °C.
After the heat flow had returned to the baseline, the meas-
urements were completed and the ampoules were stored in
the refrigerator for final microscopic examination.

The final data evaluation was carried out using the Origin
2018 software. Baseline corrections followed the procedure
described by [25].

Experimental

The experiments were divided into two sets: firstly CFU
counting on solid culture as reference (Fig. 1) and secondly
monitoring bacterial growth on solid culture (SC) (Fig. 2a)
as well as in liquid culture (LC) (Fig. 2b) using IMC. In the
case of reference experiments, we performed CFU counting
experiments to investigate the influence of the initial concen-
tration of bacteria on the detection time (Fig. 1).
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Fig. 1 Experimental set-up for
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CFU determination and CFU counting

Starting from a diluted pre-culture with an ODgg, of
approx. 0.2 a dilution series in 10-fold steps were pre-
pared. To determine the initial concentration of bacte-
ria ¢y in CFU mL~! for each dilution, conventional CFU
countings were conducted in parallel. Initial bacterial con-
centrations were ranging between 10° and 10! CFU mL~.

Common DSM-1 agar plates were inoculated with
the abovementioned concentrations (including a sterile
blank). As an exception, in one series of experiments, the
same initial bacterial concentration (10! CFU mL™") but
different inoculum volumes V;=0.01, 0.1, 0.25, 0.5 and
1 mL were used (result see S1 in Supporting Information,
SI). After inoculation, the progress of colony formation
was monitored at 10-min intervals using a scanner. The
scanner was located in a temperature-controlled incubator
(TH 30, Edmund Biihler GmbH, Bodelshause, Germany),
at 30+ 1 °C (see Fig. 1). The resulting images were saved
as jpg-files and subsequentially evaluated. For this pur-
pose, five independent observers inspected the obtained
images. The detection time was defined as the time at
which colonies were first discovered. The resulted detec-
tion time served as reference values for the IMC experi-
ments and allowed us to compare CFU counting directly
with IMC.

Evalution of obtained images by visual counting of colonies

Microcalorimetric experiments

The IMC experiments on solid and in liquid medium
(experimental set-up is shown in Fig. 2) were subdi-
vided into three parts: The first part dealt with the initial
number of bacteria Ny (CFU in the ampoule). Here, the
calorimetric ampoules were filled with 1 mL medium.
In the case of SC and LC, 0.01 mL of each concentra-
tion (10°~10' CFU mL™!, including a sterile blank) were
added to the medium for inoculation V; (in mL). The ini-
tial number of bacteria N, results from the initial concen-
tration ¢, and the inoculum volume V;. The experiments
were performed in triplicates. Further experiments were
performed by membrane filtration (SC and LC, n=1) as
well as a range of higher inoculum volumes (LC, n=1).
In the former, the influence of the enrichment proce-
dure was investigated and 10 mL of each concentration
(10°-10' CFU mL™', including a sterile blank) were mem-
brane filtrated and subsequently purged with 2 mL sterile
DSM-1 medium. Therefore, compatible sterile membrane
filters (pore size 0.45 um, cellulose nitrate, Sartorius
AG, Gottingen, Germany) were prepared under sterile
conditions using a punch (diameter 10 mm, Locheisen-
Satz, BGS Technic KG, Wermelskirchen, Germany). The
punched membrane filters were placed in specially made
sealed adapters which were integrable into a 100-mL
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(a)
Medium: DSM-1
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(b)

Medium: DSM-1,
MMKT2440

V,

ampoule

=4.2mL

T=30°C

Initial number of becteria, N,

%

Vinedium = 1 ML
N, =103 -10° CFU
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«Fig.2 Summary of the experimental set-up for IMC experiments
to detect bacterial growth. a In solid (SC) and b in liquid cultiva-
tion (LC). Each of the two cultivations is subdivided into two sepa-
rate experiments: an investigation of the heat flow measurements as
a function of the initial number of bacteria N, (in CFU) as well as of

the filling volume V, 4,m (in mL). Finally, the measured heat flows

are evaluated by different detection threshold values @ (in pW)

glass filtration device (diameter 25 mm, Sartorius AG,
Gottingen, Germany). Membrane filtration was performed
under low pressure. Afterwards, the membrane filters
were placed on top of the solid surface or submerged in
the liquid medium using sterile tweezers.

Experiments with varying the inoculum volume V;,
in LC were performed based on the lowest concentra-
tion (c,=10' CFU mL™"). Different volumes (V;=0.01,
0.1, 0.25, 0.5 and 1 mL) of this concentration (includ-
ing a sterile blank) were added to 1 mL DSM-1 medium
(results, see S1 in SI).

The second series of IMC experiments dealt with the
filling volume V,_4i,m Of the calorimetric ampoules. Dif-
ferent filling volumes created different initial conditions
concerning the amount of substrate and oxygen (see
Fig. 2) so that we were able to investigate the influence
on bacterial growth and consequently on the detection of
the bacteria. Amounts of oxygen in headspace and liquid
phase (see Fig. 2) were calculated based on a mass frac-
tion of oxygen in the air atmosphere of 23.14% [27] and
a concentration of dissolved oxygen in the liquid phase of
7.5 mg L' [28] at 30 °C. An inoculum volume of 0.01 mL
of the same concentration (c,=10* CFU mL™"! and includ-
ing a sterile blank) was added to ampoules which were
filled with different volumes of medium (V,.4ium =0-1,
0.5, 2, 3 and 4 mL). In the 4.2-mL ampoules, a residual
headspace was thus always present. To evaluate the prac-
tical value of the Ny- and V 4,m-dependent measured
heat flows, they were regarded in the light of different
detection threshold values (@, =2, 10, 50 and 100 uW).

The last series of experiments were performed in mini-
mal medium (MMKT2440) instead of DMS-1 medium
for calorimetric measurements (LC, n=2). MMKT2440
consisted of (in gL_l): (NH,),S0O, (0.5), Na,HPO, (0.6),
KH,PO, (1.4), MgCl,-H,0 (0.25), CaCl,-H,O (0.07) and
glucose (0.5). Again, 1 mL of the medium and 0.01 mL
of each concentration (10°-10' CFU mL™!, including a
sterile blank) were added to 4.2 mL glass ampoules.

In total, we thus investigated how the initial number
of bacteria N, the filling volume of the calorimetric
ampoules V .4ium> the composition of the growth medium
as well as detection threshold values @, influences the
detection of bacterial growth in a 4.2 mL static ampoule
system.

Results and discussion

Visual detection of colonies as a function of initial
bacterial concentration

The proof of bacterial contaminations in microbiological anal-
ysis is still predominated by conventional cultivation mainly
on solid culture media [29, 30]. As our study dealt with the
detection time of aerobic bacterial growth using microcalo-
rimetry, a reference value for the detection time of P. putida
mt-2 KT2440 was determined by CFU counting by five inde-
pendent observers (see for detailed results S4 in SI). The first
appearance of colonies was defined as detection time, and
results are shown in Fig. 3. The average CFU detection time
of 13.3 +1.3 h was nearly independent of the initial concentra-
tion of bacteria, as expected. The subsequent detection times,
determined by IMC experiments, are compared and related to
this reference.

Factors influencing the detection time in IMC

In the following, we define the detection time 74, as the time
required from the insertion of the sample into the IMC instru-
ment until the metabolically determining heat flow signal
exceeds statistically significant the noise of the applied IMC.
Manufacturers of IMCs specify a limit of detection (LOD), but
in practice, however, a fixed value for the detectable heat flow
D,..; (detection threshold value) of the respective instrument
is typically defined empirically.

On this occasion, it is important to mention that our study
aims at the earliest detection of bacterial growth; thus, our
considerations are restricted to exponential growth at the
beginning of the metabolically determining heat flow. In the
following, we assume that the heat output of a growing cul-
ture starting from an initial cell number N, is determined by
the specific growth rate u (in h™") of an exponentially grow-
ing culture [26], and by a mean cell-specific heat production
rate ¢, (in W) [17, 21] (see both equations in Fig. 4). At this
point, we have to differentiate between two scenarios: (1) at
t=0, the sample already contains so many bacteria that the
actual metabolic heat production rate exceeds the detection
threshold value &(f) > @, or (2) at t=0, the sample contains
so few bacteria that the metabolic heat production is below the
detection threshold value and heat can only be detected after
exponential growth (if sufficient nutrients are available). The
heat production rate will rise a detectable heat flow at time
I=t4...- Equation (1) relates the detection time 74, (in h) and
the detectable heat flow @, (in W).

ln<¢;—:“> —1In(Ny)

ey

tdect =

u
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Fig.3 Detection times #4. as a function of the initial concentration
of bacteria ¢, obtained. The red dash line represents the average CFU
detection time. (Color figure online)

The meanings and derivation of the variables are given
in Fig. 4.

In principle, preparative, technical and biological fac-
tors of influence on the detection time can be distinguished.
These factors will be examined in the following.

Calorimetric detection time as a function of sample
preparation and inoculum size

The initial number of bacteria N, (in CFU) can be influ-
enced by sample preparation. Compared with classical CFU
counting, where the inoculum size does not affect the time

Fig.4 Factors influencing the
time needed to detect bacte-
rial contaminations by IMC

measurements c(substrate, O,)

O

Bacterial growth

Bacterial cell T, PH,TI, a,

needed for detection of colonies (see Fig. 1 and S1 in SI),
IMC detection depends on N, according to Eq. (1). Short
detection times require high N, values which in principle
can be achieved in two ways. First, the sample volume added
for inoculation can be increased. However, this is generally
restricted by the small size of common calorimetric vessels
(typically in the range from 4 to 125 mL). In the case of LC,
inoculum volumes of > 1 mL are applicable but for SC the
upper limit even in large calorimetric vessels is approx. 1 mL
because of their relatively small cross-sectional areas. Sec-
ond, N, can be increased from a larger volume, for example
by membrane filtration (MF). The reduction of IMC detec-
tion time by MF enrichment was recently shown with bac-
teria (i.e. L. plantarum) grown anaerobically in SC [25]. In
principle, there are two common cultivation techniques (SC
and LC) which will be investigated in the following.

Solid cultivation (SC)

The initial number of bacteria (V,) dependency of heat
flow measurements obtained on solid medium is shown in
Fig. 5. All heat flow signals could be roughly divided into
five stages: 1. baseline, II. exponential (high N;) or linear
(low N,) increase in heat flow, III. maximum heat flow,
IV. decreasing heat flow and V. return to the baseline. All
heat flow signals consisted of a single peak of varied shape.
Heat flow signals were broader when N, was lower (Fig. 5a).
Comparing these measurements with literature data revealed
that other bacteria (Lactobacillus plantarum [25], Mycobac-
terium species [23] and E. coli [24]) displayed similar heat
flow pattern on solid medium.

Shape and amplitude of the heat flow signals depend on
the inocula size (i.e. initial number of bacteria). Larger N,
consumed substrate and oxygen faster; thus, the bacteria

Heat production rate

Metabolic datermined
heat production

N() = Ny - exp(u- 1

\

Produced heat
flow

Detection time I

Growth rate l

Cellular heat
production rate

Initital bacterial
number
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Fig.5 IMC experiments performed on SC. The N, (mean+SD) in
CFU are indicated next to the heat flow signals and based on the inoc-
ulum volume (10 uL). a Dependency of heat traces on the N,. b Mag-

reached early the maximum specific growth rate and conse-
quently produced a larger heat flow (see Fig. 5a). This finally
results in a sharper peak. Independent of N, the average
total amount of heat released was (12.0+0.6) J. This value
was confirmed by using the oxycaloric equivalent calcu-
lated for aerobic growth (see for details chapter S3.1 in SI).
The total heat produced by oxygen-limited aerobic bacteria
should thus be in the same range irrespective of species and
inoculum size.

Following Eq. (1), the metabolically determining heat
flow signals were detected earlier when the N, was higher
(Fig. 5b). Braissant and co-workers performed bacterial
concentration-dependent IMC experiments with Mycobac-
terium tuberculosis and observed similar results [23]. For
the determination of the detection time, a detection threshold
value of 2 uW was assumed for TAM III. This is 10 times
higher than the instrument noise specified by the manufac-
turer (www.tainstrument.com). The resulting detection times
are summarized in Table 1.

Liquid cultivation (LC)

The N, dependency of heat flows measured for LC are
shown in Fig. 6. Here, six stages in all heat flow signals can
be distinguished: (1) baseline, (2) a first exponential increase
in heat flow, (3) a slight decrease (a phase being absent for
SC), (4) a second exponential increase, (5) maximum in heat

Heat flow/uW

T T T T T T T
8 9 10 11 12 13 14 15
Time/h

nification of heat flow signals near the detection zone, the dotted line
representing the predefined detection threshold value of 2 yW

flow and (6) return to baseline level (Fig. 6a). This heat flow
pattern was also observed by Bonkat and co-workers for
fast-growing mycobacteria Mycobacterium smegmatis and
Mycobacterium phlei [31]. All heat flow signals had two
peaks, a small initial one with a magnitude of approx. 25 uW
followed by a large one of approx. 500 uW (500 mW L.
The first peak can be explained by the consumption of oxy-
gen dissolved in liquid medium (approx. 23.4 umol at 30 °C)
[28]. Using the oxycaloric equivalent (—455 kJ mol ™! 0,)
[32], this corresponds to a heat production of approx. 0.1 J.
This value was confirmed by integrating the heat flow curve
up to the maximum of the first peak (see chapter S3.2 in SI).

The second peak might reflect dynamics of substrate or
oxygen depletion. Unlike, the different times of onset, the
form of the heat flow signals was independent of N, vari-
ation making LC more promising for the detection of low
N, than SC. The different growth behaviour of the bacteria
LC versus SC determines the shape of the heat flow signal.
A bacterial colony relies on substrate (or oxygen) diffusing
towards the substratum-colony interface, whereas in LC,
bacteria are surrounded by dissolved substrate and oxygen,
though provision with oxygen may be limited by diffusion
from the headspace.

As expected from Eq. (1), the onset of heat flow signals
depended on N, (Fig. 6b). The detection time was deter-
mined in the same way as for SC and is given in Table 1.
Interestingly, cultivation in liquid or on solid medium (using

Table 1 Summary of the

! Summ Growth f4ea/n faeu fgeedh fea/ faea/

detection times (mean + SD) condition 3.8 x 10° CFU 3.8 x 10 CFU 1.1 x 10' CFU 43 CFU 0.7 CFU

determined at a detection

threshold value of 2 pW SC (3.9+0.1) (54+0.2) (72+0.3) (8.7+0.3) (10.5+0.4)
LC (3.9+0.1) (5.6+0.1) (7.8+0.1) (9.4+0.2) (11.1+0.6)
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Fig.6 IMC experiments performed in LC. The N, (mean+SD) in
CFU are indicated next to the heat flow signals and based on the inoc-
ulum volume (10 pL). a Dependency of heat traces on the N,. b Mag-

the same inoculum volume of 10 pL) did not influence the
detection time much at the predefined detection threshold
value of 2 uW. For such a low heat flow, the provision of
substrates and oxygen does not limit the growth. However,
to achieve the earliest possible detection time, LC offers the
major advantage that the inoculum volume can easily adapt
to the overall volume of the calorimetric vessel.

Based on the CFU detection time determined by vis-
ual inspection (13.3+ 1.3 h) of bacterial growth on solid
medium, we could show with our results that a faster detec-
tion by IMC is possible. High N, ((3.8+3.1) x 10° CFU)
were detectable after 3.9 h for both on solid as well as in lig-
uid medium and low N, (0.7 +0.2 CFU) after 10.6 h for solid
medium and 11.1 h for liquid medium (considering a detec-
tion threshold value of 2 uW). Furthermore, if one compares
the error of the detection times, it became apparent that calo-
rimetric detections have a smaller error independent of N,,.
This difference can be attributed to the subjective evaluation
of colony detection in the case of visual inspection. Simi-
lar conclusions were drawn during the visual inspection of
pharmaceutical products utilizing sterility testing [16]. A
summary of all Ny-dependent heat flow signals measured
on SC and LC is given in chapter S5 in the SI.

Enrichment via membrane filtration (MF)

One possibility to increase N and to shorten detection is
the enrichment from a larger sample volume using mem-
brane filtration (MF). Depending on the background of
the analysed sample, N, can range from a few bacteria
cells (e.g. drinking water) to more than 10° (e.g. foodstuff)
per mL sample volume [33]. Using the MF process thus
larger sample volumes (e.g. 10 mL instead of 0.01 mL)
could be subjected to calorimetric measurements. Figure 7
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nification of heat flow signals near the detection zone, the dotted line
representing the predefined detection threshold value of 2 pW

compares the heat flow signals with and without MF for
SC and LC (taken from Figs. 5a, 6a).

Considering the enrichment factor of 1000, the obtained
heat flow signals showed two substantial changes. Firstly, an
increase in N, led to a reduction in detection time (Fig. 7b, d)
independently of the detection threshold value (10, 50 uW).
The highest N, (solid red curve) corresponded probably to
an N, of approx. 10° (assumption based on the enrichment
factor of 1000 and an initial number of approx. 10° bacteria
in 0.01 mL inoculum volume) in the filter produced an initial
heat flow of 25 uW. These results are very consistent with
literature assumptions that 10.000 to 100.000 active bacteria
are necessary to produce a heat flow above the limit of ther-
mal detection (LOD =0.2 uW for the TAM III, www.tains
truments.com) [34]. Secondly, the shape of the heat flow sig-
nals varied strongly between SC (Fig. 7a) and LC (Fig. 7c).
Interestingly, the shape of the heat flow signals obtained
on SC with (solid curves) and without (dash curves) MF
varied especially for the lowest N, (yellow curves). In
theory, the heat flow curves with the highest N, (red and
blue dashed curves) contain the same number of bacteria as
the two curves with the lowest N, (violet and yellow solid
curves) due to MF. Consequently, curves should coincide.
However, there is some small variation. Small inaccuracies
in the placement of the filter on the agar surface and the
consequence that not all bacteria have same access to the
solid medium could be the cause. In the case of LC, the two
heat flow signals with the same N, (red and blue dash curves,
and violet and yellow solid curves, Fig. 7d) overlapped. This
may indicate that the bacteria were able to detach themselves
from the filter surface and access the substrates and oxygen
via free movement in liquid phase. The increase in turbidity
after the measurement confirmed this assumption.
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Fig.7 IMC experiments performed after enrichment by MF. a Com-
parison of heat flow signals on SC with MF (solid curves) and with-
out MF (dashed curves, approximated N, in CFU are indicated next
to the heat flow signals and based on the filtration volume, 10 mL). b
Magnification of the heat flow signals (SC) near the detection thresh-

It is important to mention here that membrane filtration
is accompanied by a certain sample preparation time, and
this should be taken into account for detection. However,
there is also an argument for membrane filtration. For slowly
growing bacteria, the time gained through enrichment can
compensate for the loss through sample preparation time.

Influence of IMC performance on the detection time
Influences of technical specifications

The detectable heat flow @4, (¢) is mainly determined by
the accuracy (lowest resolution in temperature difference
which can still convert into voltage) of the detector, a ther-
moelectric generator (TEG), and the temperature constancy
in the entire system. The TEG consists of several serially
connected thermocouples. The most common microcalo-
rimeters used to investigate cellular systems are based on

Liquid cultivation
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old values 10 and 50 pW. ¢ Comparison of heat flow signals in LC
with MF (solid curves) and without MF (dashed curves). d Magnifi-
cation of the heat flow signals (LC) near the detection threshold val-
ues 10 and 50 pW

the principle of heat conduction and work in isothermal
operation mode [8]. The aim is to ensure that as much of the
metabolic heat as possible flows through the detector (TEG).
Mathematically, this can be expressed as follows [35]:

D(t) = Kk - g - AT 2)

where « (in W K™!) is the thermal conductivity of a thermo-
couple, nppg the number of thermocouples and AT (in K) the
temperature difference between the upper and lower surface
of the TEG. The voltage U(¢) generated at the TEG can be
described by Eq. (3) [35]:

U@ = a - nygg - AT 3)

where a (in V K1) is the Seebeck coefficient of the thermo-
couples. According to the difference in temperature between
the upper surface (increase in temperature due to metabolic
heat caused by bacteria) and the lower surface (constant
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temperature of the heat sink given by the system), a volt-
age is generated (Seebeck effect). In other words, the heat
conducted via the TEG &(¥) is proportional to the measured
voltage U(t) (Eq. 4) [36]:

&) =e- Ut (4)

The proportionality factor € (in W V1), also referred to
as the calibration constant, is composed as follows:

f= X
== §)

Since these are two material constants, there are possibili-
ties to influence this quotient and to keep the value of ¢ as
small as possible. A low specific thermal conductivity and
a large Seebeck coefficient are aimed for [37].

As already mentioned, the bottom side of the TEG is kept
constant by a temperature-controlled heat sink. Due to the
small temperature increase caused by the metabolic heat of
the growing bacterial cultures [9], already small temperature
fluctuations on the heat sink of the instruments can have a
direct effect on the performance of the IMC measurement.
As a result of such fluctuations, noise or drifts may super-
pose the metabolic heat flow signals and a delayed detection
time would be determined.

Interestingly, most applications on bacteria detection by
IMC in literature were performed in 4 mL static ampoules
using high-performance microcalorimeters (low detection
thresholds are applicable) [15, 19, 22, 23, 31]. In calorim-
eters with a high detection threshold, this deficit is typically
compensated by large sample volumes containing more
heat-producing bacteria [38]. However, due to the larger
sample volume, only a few simultaneous measurements
are possible. For the practitioner, however, in addition to
short detection times and simple calorimeters, the number
of simultaneous measurement possibilities is also decisive.
Thus, it is a big difference to measure up to 48 samples in

a high-performance calorimeter or up to 12 samples using
a simple calorimeter having the same volume-related limit
of detection or to measure up to 48 samples in a simple
calorimeter with a lower limit of detection as long as the
bacterial contamination is detected early enough. To address
these issues, we simulated the effect of calorimeter detection
thresholds as well as the sample volumes on the detection
time directly, assuming different empirical threshold val-
ues (P =2, 10, 50 and 100 pW) in the context of a static
4-mL ampoule system. These assumptions are supported by
manufacturer information and literature data and selected to
cover almost all commercially available IMC devices used
for biocalorimetry (see Table 2).

Influence of the initial number of bacteria
on the detectable heat flow

To relate detectable heat flows to common microcalorim-
eters (see Table 2), detection threshold values (2, 5, 10, 50
and 100 uW) were used to establish detection times for LC
and SC in conventional static 4-mL glass ampoules. Figure 8
summarizes the results. For the sake of simplicity, only the
results obtained with the highest (red curves) and the lowest
N, (yellow curves) are discussed.

Two cases will be considered: first, the difference between
high and low N, at different detection threshold values and
different cultivation modes (LC vs. SC) and second, the
influence of different detection threshold values at constant
N,.

The difference in the detection time between highest (red
curve) and lowest (yellow) N, was independent of the detec-
tion threshold for LC (approx. 7 h). For SC, the same delay
was observed at detection thresholds <10 uW (Fig. 8a).
Whereas the difference in detection times at a threshold
value of 50 uW was already twice as long (approx. 13 h)
and at 100 pW almost four times as long (approx. 26 h).

Table 2 Typical detection threshold values for IMC instruments used in biocalorimetry

Calorimeter Manufacturer Empirical thresh-  Filling volume of Volume-specific References
old/uWw ampoule/mL threshold/mW L™

TAM 48 TA instruments 2 n.a. - [23]
TAM 11T 10,2 3,0.2 3,10 [19, 25]
TAM air 25 7-5 4-5 [38]
MC-Cal/100 P C3 Prozess- und Analysen-  100P, 28¢ 1°,0.4¢ 100°, 70° [39]

technik GmbH
BioCal 2000 Calimetrix Inc. 100 n.a - www.calmetrix.com
calScreener Symcel AB 1 0.3 3 [40]

n.a. not available
Calculated by using the filling volume of the ampoules
®Determined in our study

“Calculated from the available data
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Fig. 8 Influence of simulated detection thresholds on detection times
achieved in IMC experiments depending on N, in solid (a, b) as
well as in liquid (¢, d) medium. Red: (3.8+3.1)-10° CFU. Yellow:
(0.7+0.2) CFU. a Magnification of the heat flow signals measured in
SC near detection threshold value, the dotted lines representing @,

Considering now a constant N, the heat flow signals
showed that, regardless of the cultivation mode (solid or
liquid), the detection time between high-performance micro-
calorimeters (threshold values of 2 to 10 pW) varied by
roughly 2 h following Eq. (1) (Fig. 8a, c). The exponential
increase in the heat flow confirms the assumption of expo-
nential growth. At high N, (red curve), the delay in detection
with 100 uW versus 2 uW was 3 h with SC (Fig. 8a, c) and
was 5 h with LC (Fig. 8c, d). The difference in detection
time of 2 h between LC and SC might be caused by the
influence of oxygen diffusion on the metabolic response of
P. putida mt-KT2440 [41]. The growth process slows down
under conditions influenced by diffusion. Simulations [42]
point to the special role of oxygen diffusion in static, closed
ampoules.

At low N, (yellow curve), the delay in detection with
threshold values of 100 uW versus 2 pW increased by 22 h
with SC (Fig. 8a, b) and by 5 h with LC (Fig. 8c, d). The

Liquid cultivation
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of 2, 5 and 10 uW. b Heat flow signals measured in SC near @, of
10, 50 and 100 pW. ¢ Magnification of the heat flow signals meas-
ured in LC near detection threshold value, the dotted lines represent-
ing @y of 2, 5 and 10 uW. d Heat flow signals measured in LC near
Dee; 0f 10, 50 and 100 pW. (Color figure online)

difference in LC has already been discussed. However, a
completely different picture is obtained at low N, in the case
of SC. The difference in detection time of 22 h was caused
by a change from exponential to substrate diffusion-limited
linear growth at about 30 uW (or after 14 h). This growth
behaviour is characteristic for the formation of bacterial
colonies on solid substrate [43, 44]. This effect was also
reflected in the size of the colonies formed (see for details
SI).

Finally, to confirm the detection times simulated here, we
used a less powerful cement calorimeter (LOD of 20 uW for
the MC-Cal/100 P, https://www.c3-analysentechnik.de) to
perform the same N-dependent measurements in LC (n=2)
under the same conditions as described in Fig. 2b. The detec-
tion times are summarized in Table 3, and the corresponding
heat flow signals are given in chapter S6 in the SI.

If we now compare the detection times in Table 3
(detection threshold 100 uW) with the CFU detection time
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Table3 Comparison of .
detection s determined with Colorimeter Ry SRy Miotcru SScru ey
two different calorimeters at
a detection threshold value of TAM III* (8.8+0.1)° (10.7 +0.1) (12.6+0.1) (145+0.1)  (16.1+0.5)
100 uW MC-Cal/100 P° 9.1 11.6 13.5 154 16.4

8.9 11.8 13.7 15.8 n.d.

n.d. not detected

4Simulated detection times at a threshold value of 100 uW

®Only measured in duplicates
“Mean +SD

(13.3+1.3) determined by visual inspection, it must be
concluded that if only less than ten bacteria cells are pre-
sented at the beginning of the measurement, visual inspec-
tion might be slightly faster. However, the time needed to
form all countable colonies on a plate that are visible for the
naked eye is mostly higher.

Influence of the filling volume of medium on the detectable
heat flow

To investigate the influence of oxygen and substrate on the
detection time being a function of the detectable heat flow,
IMC experiments were performed with different filling vol-
umes of liquid and solid medium (V,.4;,m) in the calorimet-
ric ampoules. The change in V| 4., resulted in different
amounts of oxygen and substrate, which are available to
the bacteria for growth. Due to the close relation between
bacterial growth and metabolic heat according to Eq. (1),
we expect an influence on detection time, especially in LC.
Here, the metabolic response of the bacteria to oxygen-
limiting conditions should be more noticeable. But first, we

examine the heat flow signals recorded at different V. 4ium
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Fig.9 Influence of V4., on the heat flow signals obtained from
IMC experiments conducted on solid medium. a Heat flow traces

depending on V, .4.m- P Relationship between detection time and

@ Springer

on solid medium (Fig. 9). Both factors, substrate and oxygen
quantity, influenced the growth of bacteria on solid medium.
At low filling volumes (V,.4ium=0.1 mL), the bottom of
the ampoule was not completely and evenly covered by the
medium as well as by V;; hence, the shape of the heat flow
curve (red curve, Fig. 9a) differed in comparison to the other.

If one compares only the increase of the heat flow curves
in Fig. 9a considering detection threshold values, all heat
flows show exponential shape (except for the red curve).
Depending on the total amount of oxygen (determined by
V medium)» the maximum heat flow varied and reached at
Vinedium = 0.5 mL (blue curve) a maximum value of 575 yW
(1150 mW L™"). Detection times were the same for differ-
ent V, .qium regarding constant threshold value (Fig. 9b).
However, decreasing performance of the instrument caused
later detection, regardless of V, .4ium (Fig. 9b). The differ-
ence in detection time at threshold values of 2 and 100 yW
was approx. 4 h and almost independently of the respective
V,

medium*

The shape of heat flows obtained from V4, ,-dependent
experiments in LC (Fig. 10) showed a stronger variation

compared with those obtained from SC. To describe the

18
(b) detection threshold values, ¢,
m2mW e 10mW
16 1 A 50mW v 100 mW
14 1
£
S 121
3 o ¢ v v v
- N A a a
104 *
[ ] o ) ® ™
8 1 § i E n i -
6 T T T T T T T T T
00 05 10 15 20 25 3.0 35 40 45
Vmedium/ml-
Vedium @s @ function of different detection threshold values @4 =2,

10, 50 and 100 uW. For comparison, the dashed line in B indicates
the mean CFU detection time determined by visual inspection
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shape of the heat flow curves, we have to distinguish between
dissolved oxygen in the liquid phase which is immediately
available to the bacteria, and oxygen in the gas phase which
is only available to the bacteria through slow transport from
gas phase into liquid phase and thus with delay [42]. The ini-
tial ratio between dissolved and unsolved oxygen was deter-
mined by V, .4ium Of the liquid. Besides, a higher V,.4iums
as mentioned before, led to an overall decrease in the total
amount of oxygen in the calorimetric ampoule (minimum
and maximum oxygen quantities are shown in Fig. 2b). The
lowest filling volume (V. gium=0.1 mL) showed a slightly
different heat flow signal (Fig. 10a, red curve) compared
to the others. Possibly the interplay between substrate and
oxygen limitation changed the metabolic response of the
bacteria, thus causing a diffuse heat flow signal was obtained
(Fig. 10a, red curve). Detection times were the same for
different V4, at threshold values of 2 and 10 pW (black
and red points, Fig. 10b). Additionally, average detection
times were in the same magnitude 7.5 h at 2 uW and 9.5 h at
10 uW for both SC and LC (Figs. 9b, 10b). The reason for
this was that at time of these detectable heat flows sufficient
oxygen and substrate were available to the bacteria. This
corresponds to our assumption of a constant cell-specific
heat production rate.

However, instruments with a worse threshold value
(> 10 uW) led to later detection but unlike SC, a V. 4ium-
dependent behaviour was observed (Fig. 10b). At a detec-
tion threshold value of 100 pW (green points, Fig. 10b), an
almost linear relationship between the detection time and
Vedium Was observed. An assumption for this might be the
extended diffusion path (caused by an increase in V,.4iym)
for oxygen which diffused by transport from gas phase into
liquid phase and the bacteria freely moving in medium. This

would also explain the shift of the second peak depending on
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Fig. 10 Influence of V, 4um On the heat flow signals obtained from
IMC experiments conducted in liquid medium. a Heat flow traces

depending on V| .4um- b Relationship between the detection time and

Vinedium (s€€ Fig. 10a). However, the maximum of the second
peak was determined by oxygen transferred from the head-
space. Another exception was found at a threshold value of
50 uW (blue points, Fig. 10b). For low V,.4.m- the detection
time followed the linear trend from the previous observa-
tion. However, the detection time decreased at a V.4, Of
3 mL and dropped to a value of approx. 10.5hata V,_4um
of 4.0 mL (Fig. 10b). When using 3 or 4 mL instead of 2 mL
filling volume, the dissolved amount of oxygen was so large
that the initial peak reached a detectable heat flow of more
than 50 uW. The large error bars in the case of the meas-
urement point at 3 mL (Fig. 10b) are since only in one of
three measurements a heat flow of the initial peak exceeded
50 uW and was therefore detectable. The detection of the
other two curves only occurred at the second peak (tempo-
rally delayed, see explanation above) which then exceeded
50 uW. A summary of all V.4i.n-dependent heat flow sig-
nals measured on SC and LC is given in chapter S7 in the
SI. As our data showed, for aerobic bacteria to be detected
in LC it is important to know how much dissolved oxygen
is needed to produce a detectable heat flow. This value can
be estimated by using the following eq:

Do, < 1 Co, - AHp, + Ny - @ (6)
where ¢ and A H, are the amount of dissolved oxy-
gen in the aqueous medium and the oxycaloric equivalent
(=455 kJ mol™! 0O,) [32], respectively. The derivation of
Eq. (6) is given in chapter S8 of the SI.

Influencing biological heat production

Cell-specific heat production rate ¢, and specific growth
rate u are characteristic of the respective bacterial strain.
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High values of both favour early calorimetric detection. The
growth rate likewise favours conventional visual detection
and is affected by environmental conditions like tempera-
ture, pH, salinity or substrate availability [45-47]. All of
these factors can be adjusted to achieve optimal growth. It
is worth mentioning here that IMC can be advantageous
for screening of optimal growth conditions [48], as all the
factors mentioned influence the metabolism of the bacterial
cell which is strongly correlated with the heat released [49].

A simple method to achieve fast growth is the use of com-
plex media (e.g. lysogeny broth LB or trypticase soy broth
TSB) [50]. These media contain important building blocks
and provide all necessary components such as amino acids,
carbohydrates and vitamins etc. [51] for the biosynthesis
(anabolism) [52]. Thus, the build-up of bacterial biomass
can take place faster and more energy efficiently than by
synthesis from one or a small set of substrate molecules. To
demonstrate this difference in terms of detection, we per-
formed another IMC experiment in LC by using a minimal
medium (MMKT2440) instead of DMS-1 medium. Every-
thing else remained the same as described in Fig. 2b. For
comparison, Fig. 11 shows the heat flow signals of bacterial
growth in minimal medium as well as in DMS-1 medium
(taken from Fig. 6a). For details, the corresponding heat
flow signals measured in MMKT2440 are shown in chapter
S9 in the SI.

A comparison of the heat flow signals showed that bacte-
rial growth can be easily stimulated by a selective choice of
the medium composition. Consequently, it is beneficial for
the practitioner if metabolic processes of the desired target
microorganisms are known and thus the detection time might
be reduced via the medium composition. Complementary
to this, it should be emphasized that this consideration also
applies to temperature and pH as demonstrated by Katarao
et al. using the example of E. coli [49].

The cell-specific heat production rate is poorly inves-
tigated since metabolic processes of bacteria involve heat
flows in the picowatt range. The mean cell-specific heat
production rate is used, but this was only determined for a
few bacteria under different growth conditions (e.g. aerobic,
anaerobic, exponentially growing, resting) [4, 53-55]. Any
possibility to increase the cellular heat with, e.g. selective
substrates or reagents would favour an IMC detection of
bacterial contaminations as they would allow earlier, more
sensitive and more selective detection. The kind of metab-
olism might also play a key role since respiratory growth
often releases more heat than fermentative growth [42]. One
would thus cultivate facultative anaerobes under oxic condi-
tions to increase the mean cell-specific heat production rate.
For instance, the cell-specific heat production rate for E. coli
is 0.8 pW/cell during aerobic growth as opposed to 0.2 pW/
cell during anaerobic growth [17].
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Fig. 11 Influence of the medium composition on the heat flow sig-
nals obtained by using complex medium (DSM-1, dashed lines)
and chemical defined minimal medium (MMKT2440, solid lines).
The insert provides a magnification of the heat flow signals. The N,
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Conclusions

Our study analysed the three factors determining the detec-
tion time in microcalorimetric measurements of aerobic bac-
terial contaminations in 4-mL static ampoules: (1) the initial
number of bacteria (V,), (2) the performance of the applied
isothermal microcalorimeter (IMC) and (3) the provision of
substrate and oxygen in the solid- or liquid-based cultivation
set-up. This study used the aerobically growing P. putida
mt-2 KT2440 as an example and complements an analo-
gous study conducted with an anaerobic system [25]. This
is important because numerous pathogenic or other bacterial
contaminants grow aerobically.

The current trend in the field of IMC detection of bacte-
rial contaminations is that, on the one hand, less powerful
calorimeters (applicable detection thresholds > 10 uW) use
large sample vessels (up to 125 mL sample volume) but have
only a few measuring channels. On the other hand, power-
ful calorimeters (applicable detection thresholds < 10 uW)
are used which have small sample vessels and allow up to
48 simultaneous measurements. Our results, together with
the applications already known from the literature, e.g. E.
coli produced a max. heat flow of 100 uW (33 mW L™!) in
the concentration range of 10° to 10° CFU-mL~" [56] or
approx. 650 uW (217 mW L~!) in the concentration range
of 10° to 10° CFU mL™! [19] (depending on the cultiva-
tion conditions, for details see the respective reference),
Staphylococcus aureus produced a max. heat flow of 100 to
350 uW (33 to 117 mW L~!) depending on the concentration
(10° to 10° CFU mL™Y) [19] and Legionella pneumophila
produced a max. heat flow of 175 pW (58 mW L7}) in the
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concentration range of 10° to 10> CFU mL ™! [57], show that
it might be possible to develop a simple calorimeter that is
less powerful (high detection threshold), uses small sample
vessels (4-5 mL) and has a sufficient number of channels.
The detection of metabolically induced heat flows in the
range of 50-100 uW and the use of 4-mL ampoules might
be sufficient for most applications. Due to the exponential
growth behaviour of the bacteria, the detection delay is only
a few hours compared to powerful but also very expensive
IMCs. We were also able to show that an increase in the
initial number of bacteria can be a feasible solution. As an
extension, especially for low contaminations or if larger
sample volumes are investigated which would not be appro-
priate for 4-mL ampoules, membrane filtration would be a
reasonable option. Additionally, if membranes with selec-
tively antimicrobial surfaces or pore sizes [58] would be
used, calorimetric detection could even be combined with
the reduction of the influence of a potential accompany-
ing bacterial flora. This should be the subject of follow-up
research because bacterial contaminations are sometimes
caused by bacterial communities and not only by single
strains. However, there are already some potentially alter-
native enrichment methods such as biomagnetic separation
(BMS) which has been successfully applied in the rapid
detection of E. coli [59].

We were able to show that even less powerful calorim-
eters which only recognize a detectable heat flow of 50 uW
and more, can show comparatively early detection despite
oxygen diffusion problems in the case of liquid cultivation
(LC). However, very low N, on solid cultivation (SC) were
critical, since our experiments have shown that if only a few
colonies grow on the solid medium, a transition between
exponential and linear heat flow can be observed. This
behaviour is due to substrate diffusion-limited linear growth
of colonies. Cultivation on solid substrate can be considered
as a useful alternative, especially for microorganisms that
grow better or only on solid medium. In the case of strictly
aerobic growing bacteria, SC offers better access to oxygen
[23]. Furthermore, lager V; might be also applicable in SC by
increasing the cross-sectional area of calorimetric vessels.

Finally, it should be noted that a deeper understanding in
biological characteristics like stimulating specific growth
rate u through medium composition, temperature or pH as
well as the cell-specific heat production rate ¢, which is
still comparatively little investigated, bears an enormous
potential to further reduce detection times. Concerning ¢,
one possibility could be the action of targeted substrates to
stimulate the metabolic response of the microorganisms to
yield a greater cell-specific heat production rate.
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