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a b s t r a c t

A miniaturized calorimeter with a signal noise of less than 10 nW is presented for the first time. The out-
standing signal performance was obtained due to an elaborated temperature control inside the system.
With a sample volume of around 6 �l a specific heat flow detection limit of <2 mW l−1 was achieved,
which is a prerequisite for promising microbiological applications. The performance of the new calorime-
vailable online 28 August 2008

eywords:
hip-calorimetry
iofilm
seudomonas putida

ter is demonstrated by investigations of the metabolic heat production of biofilms, bacteria cultured in
suspensions, and single fish embryos.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Bio-calorimetry is important in the field of thermophysical
ethods because it provides direct information about the phys-

ological state of organisms and is helpful for the recognition of
etabolic pathways [1]. Furthermore, a label-free detection of

nzyme activities is possible. With the invention of miniaturized
alorimeters, which are usually built in silicon chip technology,
ome weaknesses of conventional calorimeters were overcome,
uch as high-cost, high sample volume, and low dynamics [2].
ven though there are no chip calorimeters on the market yet, the
ess material expenditure for their construction suggests smaller
osts. The need of high sample volume is a weakness if highly
laborated samples as immobilisates, single cells or encapsulated
icroorganisms should be investigated. For example, using chip

alorimeters it is now possible to study the metabolic activity of
mall individual small multi-cellular organisms, small samples of

oth microbial suspensions and attached cells. The better dynam-

cs of chip calorimeters concern the time constant of the heat flow
etector, the possibility of integration of fast micro-fluidics as well
s the small inertia of the thermostat. The letter is a precondition for

∗ Corresponding author. Tel.: +49 3731 39 2125; fax: +49 3731 39 3588.
E-mail address: Johannes.Lerchner@chemie.tu-freiberg.de (J. Lerchner).
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highly dynamic temperature control. If the calorimeter is used as a
eat flow sensor located away from the sample source (e.g. a biore-
ctor) and connected via a sample loop, the outstanding dynamic
ehaviour of chip calorimeters permits a sample transfer time in
he scale of seconds. That avoids alteration of the sample in the
ow line.

The signal-to-noise ratio decreases with progressive miniatur-
zation [3]. Hence, the resolution of the heat flow measurement

ust be in the lower nano-Watt range if chip calorimeters are to
e suitable for biological or biochemical applications. In general, a
olume specific resolution of a few mW l−1 is required for relevant
icrobiological investigations.
In the past, some descriptions of chip calorimeters have already

een published [4–8] for bio-applications. Among them is a device
hich exhibit an excellent signal resolution, but its sample volume

s too small (13 nW but only 0.7 nl [4]) to provide a signal-to-noise
atio which is acceptable for general biological measurements. In
he present paper, a new version of a silicon chip-based calorimeter
s described with a heat flow detection limit of about 10 nW. To our
nowledge, this is the best value published to date. It is noteworthy
hat this signal resolution was achieved for sample volumes of some

l, which provides a volume specific value of less than 2 mW l−1. On

he other hand, this sample volume is still small enough to ensure
sufficiently low time constant of the calorimeter.

As recently outlined [3], the signal resolution in moder-
tely miniaturized calorimeters is still considerably dependent

http://www.sciencedirect.com/science/journal/00406031
mailto:Johannes.Lerchner@chemie.tu-freiberg.de
dx.doi.org/10.1016/j.tca.2008.08.007
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n the precision of the temperature management. Therefore, the
mphasis on the current calorimeter development was placed
n the improvement of the thermostat system. The sophisticated
esign of the new thermostat system provides a temperature
tability near the reference junctions of the thermopiles of bet-
er than 40 �K during a time period of more than 40 min,
hich is the essential for the achieved heat flow detection

imit. Additional new features of the calorimeter are a remov-
ble measurement chamber and a fluidic system appropriate
or flow-injection procedures. Removable chambers allow a very
omfortable handling of immobilized samples as for example
iofilms, encapsulated microorganisms, enzymes, and individual
mall multi-cellular species. The relevance of the achieved perfor-
ance of the calorimeter will be demonstrated by investigations

f the metabolic activity of biofilms, bacterial growth at low cell
ensity as well as by a study of the metabolism of zebra fish
mbryos.

. Experimental

.1. The calorimetric device

The device is a significant improvement of a recently described
ow-through chip calorimeter [9] which comprises a silicon
hip-based heat flow transducer mounted inside a thermostat,

measurement chamber attached at the chip, two fluid con-
rol units, and different signal processing components. Due to its
utstanding performance the silicon chip transducer used in the
alorimeter is the same one as in the previously presented devel-
pments [10]. It consists of four distinct independently readable
hermopile sections (TP1–TP4) with an electronically determinated
oise equivalent power of 8 nW (band width 1 Hz). The heat flow
ransducer chip is glued onto a copper plate and equipped with
printed circuit board is located inside two nested thermostats.

he newly designed thermostat is schematically depicted in Fig. 1.
n order to suppress disturbances due to fluid injection pulses as
ell as to minimize temperature gradients inside the thermostat
oth the fluid heat exchanger and the chip module are located close
ogether at a small sized temperature controlled platform which is
art of the copper made body of the thermostat. The applied PID
ontrol algorithm was optimized based on a system identification
rocedure (MATLAB, MathWorks Inc., Natick, MA, USA). The tem-
erature of the thermostat can be fixed at 25 and 37 ◦C, respectively.
he control temperature sensor and cylindrical heating elements
re inserted into the platform. An additional temperature sensor
s placed inside the carrier plate of the chip module (chip refer-
nce temperature). A precise temperature equilibration of the fluid
ow is performed using micro-mechanically manufactured heat
xchangers (IPHT e.V., Jena, Germany) fixed at the lower side of
he platform.

Fig. 2 shows some features of the new micro-machined
ow-through measurement chambers. They consist of polymethyl-
ethacrylate (PMMA, Goodfellow GmbH, Bad Nauheim, Germany)

nd are provided with a flow channel inside. The chambers have
wo fluid inlets and can be mounted removable onto the top of
he thermopile chip. The flexible arrangement of the measure-

ent chamber permits new important applications of the device:
on-fluid samples (immobilisates, encapsulated bacteria, individ-
al small multi-cellular organisms) can easily be introduced via the
rontal port. For the measurement of associated reactants (catalysts,

acteria) it is possible to keep defined internal surface conditions
y renewing of the top and the bottom cover foils after each exper-
ment. Furthermore, the thin-film membrane of the thermopile
hip is protected against mechanical stress induced by pressure
ulses during fluid injection. The volume of the flow channel ranges

d
u
h
s
q

ig. 1. Thermostat system (A: schema, B: photograph, without lids, H: heater, T3 and
4: thermistors, the thermistors T1 and T2 which are not shown here are located in
he outer thermostat).

rom 10 to 26 �l dependent on the chosen channel height. The
ottom of the channel is usually covered by a PMMA foil (Good-
ellow) of 50 �m thickness but also other materials can be used
f required by the application (e.g. electrical conductive polymers
or special biofilm studies). A sufficiently good thermal contact
etween chamber and chip membrane is achieved by a paraffin
lm attached at the bottom chamber foil. If the calorimeter is used

or measurements of extremely small heat flows the channel is
lmost completely filled with a PMMA filler piece in the TP4 section
Fig. 2). Only a small gap of 0.1 mm between the filler piece and the
op of the channel is still available to ensure the fluid flow. Due to
he filler thermopile TP4 is only minimal affected by the heat flow
f the studied process. On the other hand, external temperature
erturbations cause similar disturbances on the four thermopile
ignals. Therefore, the temperature caused disturbances in the sig-
als from TP1 to TP3 can be eliminated by subtracting the TP4
ignal.

The average calorimetric sensitivity of the device, which

epends on the height of the flow channel [3], was determined
sing the base-catalyzed hydrolysis of methylparaben [11]. Joule
eating calibrations were performed in order to verify vertical sen-
itivity gradients inside the channel, which was important for the
uantification of heat production of biofilms cultivated inside the
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Adult zebra fish (Danio rerio) were obtained from Biotechnology
Center and Cluster of Excellence/DFG Research Center for Regener-
ative Therapies Dresden, CRTD Dresden University of Technology
(Michael Brand).

Table 1
Experimentally determined and calculated sensitivities for chambers with different
bottom cover foils (1.2 mm channel height)

Material Sexp (V W−1) Scalc (V W−1)

Steel (40 �m) 2.0 1.4
Steel (7 �m) 3.0 3.1
ig. 2. Features of the measurement chambers. (A) Cross-section of the chamber and
B) Longitudinal-section of the attached chamber and silicon chip with the four the
nd an optional inert filler (PMMA) in the TP4 section. Em: position of the fish emb

hannel. For this several measurement chambers were equipped
ith platinum wires attached at both the top and the bottom of the

hannel.
Every fluid control unit comprises a membrane pump (50 �l

troke), a piston pump (280 �l stroke), and three inert valves (all
omponents from LEE Company, Westbrook, CT, USA). In case of
flow-injection regime the sample fluid (e.g. bacterial suspen-

ion or pharmaceuticals) is absorbed by the membrane pump
nd fast injected into a sample loop of 60 �l. After the sample
oop is sufficiently flushed with the sample fluid the contents of
he sample loop is continuously forced into the detection unit
y the piston pump which was filled before with an appropri-
te carrier liquid (e.g. nutrient solution). The dead volume of the
uidic components inside the calorimetric unit is 30 �l. A time
elay of less than 1 min between start of sampling and signal
eneration can be achieved with a typical volume flow rate of
00 �l min−1. The reduction of the sample transfer time delay is
mportant in the case of biological samples because of possible
xygen or substrate depletion during the transfer into the calorime-
er.

.2. Measurement protocols

As a demonstration of the calorimeter performance we have
easured the metabolic heat production rate of several biologi-

al species including suspended and attached bacteria as well as
sh embryos. The presented results were obtained in the frame-
ork of different research projects. Details of the projects are given
lsewhere [12,13].
Pseudomonas putida PAW340 was used for the calorimetric study

f biofilm activities [12]. For the cultivation of the biofilm several
easurement chambers were connected in series with a labora-

ory bioreactor. In a bioreactor, P. putida was grown on sodium

G
M
P
G

F

licon chip (separated). The platinum wires are optional for Joule heating calibration.
ile sections TP1–TP4, an optional frontal port for the introduction of immobilisates
C) Photograph of the chip module with removed measurement chamber.

enzoate as carbon source and the bacteria suspension was con-
inuously pumped through the chambers (for details see [12]). For
he measurement of the activity of the biofilm, selected chambers
ere disconnected and mounted inside the calorimeter. Heat flow

ignals were initiated by the injection of nutrient solution through
he measurement chamber. A stopped-flow measurement regime
ith consecutively alternating injection and waiting periods was

arried out.
To analyze the lower limit of the detection of the metabolic heat

roduction of suspended bacteria the growth of the strain Staphylo-
occus aureus was measured at low cell concentration. The bacteria
ere inoculated in complex media. The starting cell concentration
as approximately 105 cells/ml. Several aliquots of the bacterial

ample were incubated at 37 ◦C. Every hour a 1 ml aliquot was taken
or a calorimetric measurement. Simultaneously the cell count (cfu
umber, colony forming units) was determined by conventional
lating technique.
old (20 �m) 0.4 0.3
ylar (6 �m) 5.5 5.4

MMA (50 �m) 5.4 5.3
lued chamber 5.5

or comparison the sensitivity for a glued chamber is included.
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ig. 3. Dynamic behaviour of the inner thermostat with respect to fluid flow pulses.
2: controller action due to the injection of 130 �l and 280 �l of nutrient solution
t a flow rate of 50 �l min−1. T3 and T4: progressions of the controller temperature
nd the chip reference temperature, respectively.

After fertilization of the eggs, the resultant embryos were trans-
erred to E3 medium (34 mL buffer (5 mM NaCl, 0.17 mM KCl,
.33 mM CaCl2·2H2O, MgSO4·7H2O) and 4 mL of 0.01% methy-

ene blue solution per litre of distilled water) and incubated at
6 ◦C. Two and three days after fertilization embryos were ran-
omly selected. Prior to the measurement the selected embryos
ere inserted into the chamber through the frontal port. Then

he port was plugged by a stopper. The channels were especially
repared to fix the embryos in the thermopile TP2 section. Peri-
dic injections of E3 medium were performed to stimulate the
etabolism.

. Results and discussion
.1. Calorimetric sensitivity

Calorimetric sensitivities were determined [11] with different
aterials and thicknesses of the cover foil in order to optimize the

t
o
n
r

ig. 4. Typical shapes of calorimetrical signals obtained from living organisms. (A) Steady-
njection of bacteria, *: effect of pump actions). (B) Transient heat power production after
a Acta 477 (2008) 48–53 51

hamber design. For comparison, relative sensitivities were calcu-
ated based on a heat exchange model of the calorimeter which
as recently described [3]. As it can be derived from Table 1, cham-
ers covered with thin polymer foils do not display a significantly

ower sensitivity in comparison with chambers directly glued onto
he chip. As expected, Joule heating calibrations using the attached
latinum wires yielded lower sensitivities at the top of the channel
han near the bottom. The difference of the sensitivity decreases
rom 20 to 3% for channel heights of 1.2–0.5 mm, respectively.
herefore, chambers with small channel height were used for the
iofilm investigations to ensure sufficiently uniform sensitivities
or all adhesion sites. Furthermore, model-based calculations have
hown that the influence of the paraffin film attached for thermal
ontact between chamber and chip membrane has no significant
ffect on the sensitivity.

.2. Signal performance

As mentioned above the measurement of the metabolic heat
roduction in micro-sized samples requires an extremely high sig-
al resolution in order to achieve a sufficiently high signal-to-noise
atio. The ultimate limit of the heat flow detection is mainly deter-
ined by the Johnson noise of the transducer and the noise of

he amplifier. In sum, we found 35 nV (standard deviation) corre-
ponding to a noise equivalent power of 7 nW (sensitivity 5 V W−1).
n elaborated temperature management is necessary to avoid
ominating temperature perturbation effects. The temperature
erformance that we obtained with the described experimental
rrangement is illustrated by Fig. 3, which shows the progression
f the temperature at two positions during fluid injection. Temper-
ture sensor T3 is the controller sensor and is located inside the
arrier platform of the thermostat whereas T4 represents the tem-
erature inside the chip module near the reference junctions of
he thermopiles. The fast changes of the controller heat power P2,
hich are initiated by nearly rectangular liquid flow pulses in the
eat exchanger, confirm the excellent dynamics of the optimized
ID algorithm. The distortion of the controller temperature T3 is
bout 10 �K and the integrative part of the PID algorithm suffi-
iently suppresses steady deviations of the controller temperature
uring the fluid flow. The effect in T4 is stronger (40 �K) because
he non-uniform dissipation of the controller heat power produces
arying temperature gradients inside the carrier platform.
Usually a stopped-flow measurement regime with consecu-
ively, alternating injection and waiting periods was applied in
rder to correct base line drifts. Two typical shapes of the sig-
als are displayed in Fig. 4. Injections were performed with a
ate of 50 �l min−1. The signal in Fig. 4A stands for the measure-

state heat power production of a diluted bacterial suspension (SS: signal shift after
injection of nutrient (PM: peak maximum, PI: exothermal peak integral).
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Fig. 5. Calorimetric signals obtained from a biofilm of changing activity (b–d). Signal
(a) is from a sterile chamber. PM and PI are the peak magnitudes related to the base
line and the voltage integral of the exothermal part of the signal, respectively [12].

Fig. 6. Calorimetrically determined growth curve of the strain Staphylococcus aureus
at low cell concentration. The plotted heat flow data were obtained from the signal
shifts SS according to Fig. 4. The insert depicts the correlation of the metabolic heat
production and the cell count (cfu: colony forming units).
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Fig. 7. Metabolic heat production of zebra fish embryos. (A) Monitoring of the growth of
of the metabolic heat production on the number of the embryos (24–27 h after fertilizatio
a Acta 477 (2008) 48–53

ent of a bacterial suspension diluted to about 105 ml−1. After
njection of the suspension the signal shift SS indicates a steady-
tate exothermal heat production. In order to restore the base line
he bacteria suspension has to be removed by a second injec-
ion step. The signal shift which is the measure of the metabolic
eat production is obtained by interpolation between the base line

evels before and after the two injections, respectively. The sig-
al depicted in Fig. 3B was obtained from measurements of the
etabolic activity of a biofilm. The signal independently returns to

he base line due to oxygen depletion, which is the consequence of
he aerobic nature of the metabolism of the investigated organ-
sms. The signals obtained from the embryo measurements are
imilar.

The base line noise derived from a period of 10 min is about
0 nV, i.e. close to the physical limits. The signal shift measured dur-

ng injection is an effect of internal temperature gradients caused by
he non-uniform heat power dissipation inside the carrier platform
f the inner thermostat. Therefore, this injection effect increases
ith the controller heat power P2 (0.35 �V mW−1). Furthermore,

here is a remaining impact of the ambient temperature on the
ase line and the injection effect because the chip module is not
erfectly shielded by the inner thermostat (weak thermal cou-
ling of the removable lids of the thermostat). We found values
f −0.1 �V K−1 and −0.5 �V K−1 for the temperature dependence
f the base line and the injection effect, respectively. In some appli-
ations, e.g. in the study of highly active biofilms, signals must be
nalyzed immediately during fluid injection. Therefore, some need
or a further reduction and stabilization of the injection effect exists,
hich could be done for instance by a more sophisticated spread-

ng of the thermostat controller elements. The long-term stability
f the calorimeter was tested by periodical injection of an inert
uid (nutrient solution) for 12 h. A variation was found for the sig-
al shift SS of 0.1 �V (standard deviation) corresponding to 20 nW.
eviations are mainly caused by ambient temperature fluctuations
s was indicated by the controller heat power development of the
uter thermostat. The use of a chamber with an inert insertion at
P4 position allows the common mode rejection of external tem-
erature perturbations and leads to an reduction of the data scatter
own to 50 nV (10 nW).
.3. Measurement examples

Three measurement examples should demonstrate the potential
f the device presented. The signals depicted in Fig. 5 correspond
o a growing biofilm of P. putida. From plot (b–d) the endother-

three embryos by measuring of the change of the metabolic rate. (B) Dependence
n).
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al injection effect is increasingly compensated by the exothermal
eat production of the bacteria. Plot (a) was measured with a ster-

le chamber. The exothermal heat flow peak observed after stop of
njection is a measure of the activity of the biofilm. Since the amount
f oxygen available inside the chamber is limited, the decay of the
ignal accelerates with increasing activity of the biofilm. From the
orrelation of heat flow and cell count, a cell specific heat produc-
ion of 0.13 pW cell−1 was obtained. This value is more than one
rder smaller than those found for planktonic growing P. putida
12]. It is an impressive demonstration of the reduced metabolic
ctivity of mature biofilms.

The calorimetrically determined growth curve of suspended
taphylococcus aureus is shown in Fig. 6. A heat power equivalent
oise level of 8 nW was observed during the measurement series.
rom the correlation of the heat flow and the cell count a cell spe-
ific heat production of 1.8 pW cell−1 results which corresponds to
cell count related limit of detection of 106 cells ml−1.

Calorimetric measurements with single fish embryos were per-
ormed for the first time. Fig. 7A shows the change of the metabolic
eat production caused by the growth of the embryos. The cor-
elation of the heat production and the number of implemented
mbryos (Fig. 7B) provides a specific value of 200 nW/embryo.

. Conclusions

With the described instrument we can demonstrate that the
onstruction of chip calorimeters with nano-Watt resolution is
ossible even when the sample size is a few micro-litres and a
ow-through regime is applied. To our knowledge the obtained

imit of detection of 10 nW is the best value so far. This low
etection limit is especially relevant for microbiological applica-
ions. The monitoring of the heat production of suspended and
ssociated bacteria at this level of detection will allow sophisti-
ated investigations of the physiological state of the organisms
n an affordable frame. The calorimetrically based quantification
f anti-biofilm agents becomes a realistic alternative to conven-

ional microbiological methods. A calorimeter as described could
e incorporated into the feedback control of a bioreactor. Since

ndividual small multi-cellular organisms can also be investigated,
icro-sized calorimetry could provide a promising platform for the

creening of pharmaceutical agents.

[

[

a Acta 477 (2008) 48–53 53

In the future further optimizations can be expected, especially
n respect to the measurement performance during the injection
hase. If high-density cultures have to be investigated via an on-

ine connected chip calorimeter the sample transfer time has to be
ecreased below 30 s, which will be possible only in continuous
ow regime. Furthermore, the adaptation of new fluidic technolo-
ies as for example segmented flow techniques [14] will reduce
ross-talk effects between sequentially injected samples.
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