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Detection of bacterial contamination in starch and resin-based
papermaking chemicals using fluorescence techniques
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Abstract Rapid fluorescence techniques were evaluated
for the detection of bacterial contaminants in paper-
making chemicals including starch and the resin-based
sizes and starch slurries used in the paper industry. Viable
and non-viable bacterial cells were visualised by fluores-
cent probes and detected by epifluorescence microscopy
and flow cytometry. The best discrimination ability was
obtained with the fluorescent probes LIVE/DEAD and
SYBR Green, based on the staining of cellular nucleic
acid, and ChemChrome V3, which demonstrated cellular
enzymatic activity. The process samples had to be diluted
and filtered before fluorescence staining and analysis be-
cause they were viscous and contained solid particles.
Fluorescence microscopic counts of bacteria in highly
contaminated process samples were similar to plate
counts, but flow cytometric enumeration of bacterial cells
in process samples yielded 2- to 10-fold lower counts
comparedwithplate counts, dependingon the consistency
of the sample. The detection limits in flow cytometric
analysis and in epifluorescence microscopy were 103–
106 cells ml)1 and 105–106 cells ml)1, respectively.
Intrinsic bacterial contamination was detectable with
fluorescence techniques and highly contaminated process
samples could be analysed with fluorescence methods.
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industry Æ Hygiene

Introduction

In the paper and packaging industry, starch and resin-
based solutions are used as additives, adhesives, glues

and in the sizing and coating of paper [4, 34]. Starch is a
white granular substance normally containing two types
of polymer structure: amylose and amylopectin. Natural
starches are found in most plants in the form of storage
granules, which vary in shape and size depending on the
plant. An adhesive and highly viscous starch solution is
prepared by heating starch powder in water to a tem-
perature exceeding its gel-point, which is from 62 �C to
80 �C, depending on the source of starch [11]. This
heating stage, if long enough, usually kills bacterial
vegetative cells, but not bacterial spores. Starch is
digestible by many fungi and bacteria. Species of the
genus Bacillus and representatives of enterobacteria are
common contaminants in the starch-based solutions
used in the paper and packaging industry [22, 23, 26].
The storage tanks or basins containing the starch or
resin-based solutions are easily contaminated by biofilm
formation on the tank walls, which comes from the
materials or chemicals used, or from the elutriating
water.

Implementation of the Hazard Analysis Critical
Control Point (HACCP) process in the production of
food packaging materials shows that the microbiolog-
ical quality of starch slurries, starch and resin-based
glues and other microbiologically sensitive papermak-
ing chemicals used as raw materials in papermaking
processes affects the hygiene of food grade paperboard.
Therefore, efficient detection of microbial growth in
these raw materials is essential [29]. The microbiology
of the papermaking process and the raw materials used
are usually controlled internally by personnel at the
paper mill or by the biocide supplier, with conven-
tional plate-counting methods, often using rapid com-
mercial cultivation methods. ATP bioluminescence and
turbidometry, which are indirect methods for the
detection of microbial growth or activity, may be ap-
plied in a paper mill for internal microbiological con-
trol [28]. Obtaining the results of cultivation methods
usually takes 2–5 days, which is far too long in com-
parison with the turnover time in the papermaking
process.

J Ind Microbiol Biotechnol (2003) 30: 239–244
DOI 10.1007/s10295-003-0046-0

Liisa Nohynek Æ Eija Saski Æ Auli Haikara

Laura Raaska

L. Nohynek (&) Æ A. Haikara Æ L. Raaska
VTT Biotechnology, P.O. Box 1500, 02044 VTT, Finland
E-mail: liisa.nohynek@vtt.fi
Tel.: +358-9-4565170
Fax: +358-9-4552103

E. Saski
M-real Corporation, P.O. Box 20, 02020 METSA, Finland



Fluorescence techniques can be used for the rapid
assessment of viable and non-viable microbial cells in
process samples and products for assessing and main-
taining the high quality of the products [3, 5, 12, 19].
Fluorescent probes enable the examination of the via-
bility, size and number of microbial cells in various
samples. The stained cells are analysed with a flow cy-
tometer or epifluorescence microscope. However, the
application of fluorescence techniques in industrial
microbiology is still limited. Fluorescence methods have
been applied in the food industry for the detection and
enumeration of microbial cells in milk or other dairy
products [3, 8, 12], in drinks [14, 21], and in fresh and
processed meat [9, 20]. Bacteria in natural waters has
been analysed using fluorescence techniques [10, 24] and
the technique has also been applied in the evaluation of
bacterial contaminants in the process waters of the pulp
and paper industry [15]. Flow cytometry has also been
used to study micro-organisms from biofilms to evaluate
microbial population heterogenicity [1].

The aim of this study was to develop fluorescence
techniques for the rapid analysis of bacterial contami-
nants in starch and resin-based papermaking chemicals
and to test the applicability of fluorescence methods,
compared with the conventional plate-counting method.

Materials and methods

Process sample materials

The test materials were starch- and resin-based sizes, alkylketene
dimer (AKD)-size and starch slurries used in coating, obtained
from packaging and paper industries producing corrugated board.
Samples were aseptically taken from industrial storage tanks or
basins and stored at a low temperature (4–10 �C) during trans-
portation and before use.

Microbiological measurements

Aerobic and spore-forming bacterial contamination was enumer-
ated by the plate-counting method from fresh samples, for com-
parison with the fluorescence methods to be evaluated. The
reproductive capacity of contaminating bacteria was determined
from samples diluted in peptone saline (Maximal recovery diluent;
Lab M, Amersham, UK) and cultivated in duplicate on agar plates,
as indicated below. For measurement of the total count of aerobic
bacteria, the proper dilutions were plated in duplicate on Plate
count agar (Difco, Sparks, Md., USA) or on Nutrient agar (Difco)
and incubated for 3–4 days at 25 �C or 30 �C. Enterobacteria were
detected on Violet red bile glucose agar (Lab M, Amersham, UK)
and spore-forming bacteria were measured on Nutrient agar (Dif-
co) for heat-treated samples (10 min, 80 �C). The agar plates were
incubated for 3 days at 30 �C. Some of the samples were fortified to
a cell density of 105–107 colony-forming units (cfu) ml)1 with
bacteria enriched aerobically overnight in a nutrient broth at 30 �C,
using the original process sample as an inoculant.

Pretreatments

Samples were diluted to 1:10, 1:100 or 1:1000 in sterile (filtered at
0.22 lm) MilliQ water or in staining buffer (PBS; pH 7.2). Selected
samples were heat-treated (10 min, 85 �C) to control the function-
ality of the fluorescent probes used to indicate viable and non-viable
bacteria.

Fluorescence staining methods

Different fluorescent probes were tested to determine the viable and
non-viable contaminating bacteria in the samples. The nucleic acid
probes SYTO9 and propidium iodide (PI) in the LIVE/DEAD
BacLight bacterial viability kit (L-7012, Molecular Probes, Leiden,
The Netherlands) were used as described by the manufacturer.
Briefly, 1 ml of sample was prepared in sterile MilliQ water, stained
with 5 ll of a 1:1 mixture of SYTO9 and PI fluorescent probes and
incubated at room temperature in the dark for 15 min. SYTO9
stains all bacterial cells with green fluorescence and PI, with red
fluorescence, penetrates only bacterial cells with damaged mem-
branes.

A nucleic acid probe SYBR Green (Molecular Probes), func-
tioning as SYTO9, was also tested to visualise the viable bacterial
cells in selected samples. The probe stains all bacterial cells with
green fluorescence (emission at 520–550 nm). The SYBR Green
solution was diluted 1:100 in Tris-EDTA (TE) buffer (pH 7.5) and
stored in the freezer before use. SYBR green staining solution
(10 ll) was mixed with 1 ml of sample diluted in TE buffer (pH 7.5)
and incubated in a water bath at 37 �C in the dark for 10 min. To
visualise the damaged or dead cells as well, selected samples were
first stained with 2 ll of PI for 5 min in the dark and then SYBR
Green was added and the was sample incubated as described ear-
lier. The samples were kept on ice in the dark until examined with
an epifluorescence microscope or a flow cytometer.

The other fluorochromes tested were ChemChrome V3
(Chemunex, Ivry sur Seine, France) and carboxyfluorescein diace-
tate (CFDA; Molecular Probes). These are colourless fluorogenic
substrates, which are converted into fluorescent products by non-
specific esterases in the cytoplasm of the cell. Entire cells containing
active esterases fluoresce green, but if the cell membranes are
damaged, the fluorescent metabolite leaks out from damaged cells
and the green fluorescence is weak or not visible. Briefly, a 1-ml
sample was prepared in PBS buffer (pH 7.2), 10 ll of Chem-
Chrome V3 or CFDA esterase substrate was added and the sample
was incubated in a water bath at 38 �C in the dark for 10 min. To
visualise damaged and dead cells as well, selected samples were first
stained with 2 ll of PI for 5 min in the dark and then stained with
esterase substrates as described earlier. Finally, samples were kept
on ice in the dark for 5–30 min, until examined with an epifluo-
rescence microscope or a flow cytometer.

Epifluorescence microscopy

The staining and viability of the bacterial cells in starch-based
slurries and glues were evaluated with an epifluorescence micro-
scope (Olympus BX60; Olympus Optical Co., Tokyo, Japan) pro-
vided with a digital image analyser (analySIS ver 3.0; Soft Imaging
System, Münster, Germany). The samples were observed using a
filter that let through light with green and red-orange wavelengths
(filter set 83102x in the 83000 filter set; Chroma Technology Corp.,
Brattleboro, Vt., USA). The fluorescent cells in each sample were
enumerated with a Thoma-chamber cell counter (Knittel Gläser,
Braunschweig, Germany), using an epifluorescence microscope.
The number of the bacterial cells per millilitre in each sample was
counted as a mean value of 5–6 microscopic fields, which each
consisted of 16 squares in a Thoma-chamber.

Flow cytometry

The Particle analysing system (PAS; Partec, Münster, Germany)
flow cytometer was used for the analysis of process samples sup-
plied with contaminating bacteria stained with fluorescent probes.
The PAS flow cytometer is equipped with an argon-ion laser at
488 nm and an HBO-mercury lamp, which enables the detection of
particles or cells emitting blue, green, orange and red fluorescence.
In addition, particles in samples can be separated according to their
particle size (forward scattering) and particle granularity (side
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scattering). The stained samples (1 ml) were filtered through 20-ll
filters (Partec) before analysis. The running parameters were opti-
mised for each sample by adjusting the gain values of the equip-
ment.

Results

Colony counts

The microbiological contamination of starch- and resin-
based samples was quantified with the plate-counting
method (Table 1). Resin-based size was the most con-
taminated by aerobic bacteria (5·107 cfu ml)1) of the
samples tested. The number of aerobic bacteria in
starch-based size was from 5.1·103 cfu ml)1 to
1.4·106 cfu ml)1, depending on the sampling date.

Epifluorescence microscopy

All the fluorescent probes tested visualised bacterial cells
in samples, as observed by epifluorescence microscopy.
The chemical background in starch- and resin-based si-
zes and starch solution was quite homogeneous and did
not obtrusively adsorb the fluorescent probes used. The
stained bacterial cells were easily differentiated from the
background, although tested esterase substrates leaked
slightly out of the cells and the background fluoresced
green if the samples were stored for over 30 min after the
staining and incubation steps. The bacterial cells in
samples stained with ChemChrome V3 were brighter
than those in the CFDA-stained samples; and therefore
CFDA was excluded from further studies. Dead or
damaged cells were detected with PI staining, which was
demonstrated using heat-treated samples.

The detection limit for bacterial cells in epifluores-
cence microscopy was 105–106 cells ml)1 and therefore
epifluorescence microscopy revealed only samples
heavily contaminated with bacterial cells (Table 1). For
comparison, the number of bacterial cells in the samples
was determined by plate-counting. Both the micro-
scopic and the plate-counting methods showed similar

numbers of viable bacterial contaminants in starch-
based size (1–2·106 cfu/cells ml)1) and in resin-based
size (1–5·107 cfu/cells ml)1; Table 1). In starch slurry
and AKD size, the number of bacterial contaminants
was below 105 cfu ml)1 and therefore microscopic flu-
orescence techniques could not be applied for the
counting of contaminants at such a low level.

Flow cytometry

The structure of the sizes and starch solutions tested was
viscous and the samples had to be diluted and filtered
before flow cytometric analysis. The detection limit for
bacterial cells in the flow cytometric method varied from
103 cells ml)1 to 106 cells ml)1, depending on the com-
position of the sample. As a consequence, bacterial
contamination of the original samples was not readily
observed with this method. Samples fortified with 105–
107 bacterial cells ml)1 were used to test the flow cyto-
metric method for the detection of bacterial cells in sizes
and slurries from the paper and packaging industry.
Samples were diluted 100- or 1,000-fold before staining
to fade out the background and prevent blocking of the
syringe and pipes in the flow cytometer.

The original population of contaminating bacteria
was detected with flow cytometry in only the starch-
based size (Table 1), which was not very viscous. On the
basis of colony count and epifluorescence microscopy,
there were over 106 cfu ml)1. The sample analysed was
diluted 10-fold and the viable bacterial population of
105 cells ml)1 stained with ChemChrome V3 or SYTO9
with PI was differentiated from the background by flow
cytometry. The other process samples of resin-based size
and starch slurry were prepared with added bacterial
cells for flow cytometric analysis (Fig. 1). Bacteria were
differentiated from the background of the sample on the
basis of the intensity of the fluorescence detected (P1 as
green, P3 as red, with fluorescence intensity on a loga-
rithmic scale) and particle size (P5, forward scattering).
Fortified cells stained with ChemChrome V3, SYBR
Green or PI were readily detected in resin-based size and
starch slurry (Fig. 1). The tested sizes and slurries were

Table 1 Bacterial colony counts (cfu ml)1) and viable cell counts
(cells ml)1) for starch- and resin-based samples originating from the
paper and packaging industry. Samples number 1 and 2 were taken
at the same time from separate tanks and sample 3 was taken
6 months later from the same tank as sample 2. For fluorescence

microscopy, samples of starch-based size and starch slurry were
stained with ChemChrome V3 and samples of alkylketene dimer
size and resin-based size were stained with SYBR Green and pro-
pidium iodide. For flow cytometry, samples of starch-based size
were stained with ChemChrome V3

Sample Number Entero-bacteria Aerobic bacteria Spore-forming
bacteria

Fluorescence
microscopy

Flow
cytometry

25 �C 30 �C

Starch-based size 1 2,5·101 8,9·105 4,3·105 4,0·102 nd nd
2 6,5·101 1,4·106 9,0·105 3,5·102 2·106 105

3 <10 nd 5,1·103 4,2·102 nd nd
Alkylketene dimer size nd <105 <105 nd <105 nd
Resin-based size nd nd 5·107 nd 1·107 nd
Starch slurry nd <105 <105 nd <105 nd

nd Not detected
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homogenous and did not stain strongly with fluorescent
probes; and therefore the background detected in the
highly diluted samples did not cover the bacterial pop-
ulation in flow cytometric analysis. Enumeration of
bacterial cells in process samples with flow cytometry
was inaccurate, usually showing 2- to 10-fold fewer cell
numbers compared with plate-counting. This may be
caused by uneven staining of cells in contaminating
bacterial populations in the process samples. In addi-
tion, adsorption of the stain by other components of the
sample increase the number of events in flow cytometry
and may cover the fluorescence of some bacterial cells in
the population.

Discussion

Fluorescence techniques have been applied in the paper
and packaging industry in the microbial control of
process waters [15]. However, application of the online
detection of bacterial contamination of process samples
with fluorescence techniques has not been reported. In
this study, viable and non-viable bacterial cells were
visualised in starch- and resin-based glues and slurries
originating from the paper and packaging industry,

using fluorescent probes based on two different mecha-
nisms, staining of cellular nucleic acid and cytoplasmic
enzymatic activity. The fluorescent cells and bacterial
populations in process samples were detectable with
epifluorescence microscopy and flow cytometry. Bacte-
rial plate counts of process samples were of the same
order of magnitude as the viable cell numbers in the
fluorescence techniques used, especially in epifluores-
cence microscopy. However, the dilution steps needed
for some viscous sizes and slurries reduced the number
of contaminants below the detection limits for flow cy-
tometric and epifluorescence microscopic analysis.

Good correlation between plate-counting and fluo-
rescence techniques used as enumeration methods may
arise from the physiological state of the bacterial cells
detected from fresh, growing cultures, especially in the
case of samples fortified with cells. The physiological
state of a bacterial population strongly affects their
ability to form colonies on selected agar plates. It has
been hypothesised that up to 90% of the environmental
bacteria may be non-culturable on the media used, but
still exhibit signs of metabolic activity and thus viability
[5, 16, 18]. Fluorescence techniques have been exten-
sively studied to elucidate the physiological state of
the non-culturable bacterial populations and applied to

Fig. 1a–d Visualisation of a
fortified bacterial population in
starch slurry, using a flow
cytometer. ChemChromeV3
(stains viable cells green) and
propidium iodide (stains
damaged cells red) were used as
fluorescent probes. a Viable
cells were differentiated from
the background by the high
intensity of green fluorescence
(P1, fluorescence intensity of 5–
200). b The sample contained
particles and viable bacterial
cells of similar size (P5,
fluorescence intensity of 1–100)
and viable cells were
differentiated from particles on
the basis of their high intensity
of green fluorescence (P1 green,
fluorescence intensity of 5–200).
c, d Damaged cells showing
high red fluorescence intensity
were not detected (P3,
fluorescence intensity over 10)
and only the background
showing low red fluorescence
was seen (P3, 0.5–10; P5, 1–10)
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reveal non-culturable microbial cells, especially in envi-
ronmental, medical and food microbiology [6, 7, 19, 24,
25, 30, 31, 32]. Depending on the sampling site, the
bacterial populations in some paper and packaging
industrial samples probably resemble environmental
populations, including cells in different physiological
states. In that case, fluorescence methods could give
more exact numbers of contaminants than the conven-
tional plate-counting method.

Enumeration of microbial contaminants by epifluo-
rescence microscopy and flow cytometry is a rapid
method; and the result is achieved within a few hours,
compared with the conventional plate-counting method
with its incubation time of one to several days, even
weeks. However, microscopic counting may yield con-
sistently higher counts due to the clumping of bacterial
cells, because on agar plate these clumps may appear to
be only one colony. In studies using milk, Auty et al. [3]
reported microscopic counts up to 20-fold higher than
plate counts. Enumeration of clumping cells with a flow
cytometer is also inaccurate because the samples must be
prefiltered and clumping cells and aggregates may be
removed before analysis, thereby altering the numbers of
cells detected in the sample. However, environmental
factors such as pH, ionic profile and water activity may
affect the functionality of fluorescence probes and the
microscopic counts of viable and dead cells may be
lower than the plate counts [3]. In our study, enumera-
tion of bacterial cells by flow cytometry was inaccurate,
usually showing 2- to 10-fold fewer cells, compared with
plate-counting and epifluorescence microscopy, which
may result from components or chemicals in the process
samples affecting flow cytometric analysis.

There is a continued demand for rapid, novel meth-
ods for the detection and enumeration of microbial cells
for industry [13, 17]. Although fluorescence techniques
were intensively studied over the past decade and
applications have been developed, the number of
industrial applications is still low. The facilities for flu-
orescence techniques are expensive and the personnel
responsible for analysis need to be well trained. In
addition, staining protocols and parameters for flow
cytometric analysis need to be individually adjusted for
different samples [19, 33]. Most of the flow cytometric
studies reported are performed with the expensive and
high-class equipment of research institutes. Compact
and even portable flow cytometers have been con-
structed and a few instruments already on the market
may be useful for industrial applications [2, 27]. The
factors limiting the use of fluorescence techniques are the
high price of facilities and fluorescent probes, the
structure of the sample and the sensitivity acquired.
Intrinsic bacterial contamination in starch slurries and
starch- and resin-based sizes may be detectable with
fluorescence techniques, but because of the detection
limits of 103–106 cells ml)1 in flow cytometric analysis
and 105–106 cells ml)1 in epifluorescence microscopy,
only highly contaminated process samples can be anal-
ysed with these methods. The fluorescence techniques

could be applied in qualification as a rapid pre-screening
and sorting method for liquid raw materials in the paper
industry.
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(1999) Significance of size and nucleic acid content heteroge-
neity as measured by flow cytometry in natural planktonic
bacteria. Appl Environ Microbiol 65:4475–4483

11. Georgeson M (1995) Starch in papermaking. In: Au CO, Thorn
I (eds) Applications of wet-end paper chemistry. Blackie,
London, pp 76–90

12. Gunasekera TS, Attfield PV, Veal DA (2000) A flow cytometry
method for rapid detection and enumeration of total bacteria in
milk. Appl Environ Microbiol 66:1228–1232

13. Karwoski M (1996) Automated direct and indirect methods in
food microbiology: a literature review. Food Rev Int 12:155–
174
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