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Abstract

Laser light scattering technology, as applied in the Lasentec focussed beam reflectance measurement (FBRM)
system, was used to characterise two morphologically dissimilar plant cell suspension cultures, Morinda citrifolia
and Centaurea calcitrapa. Shake-flask suspensions were analysed in terms of biomass concentration and aggregate
size/shape over the course of typical batch growth cycles. For the heavily aggregated C. calcitrapa, biomass levels
[from 10–160 g fresh weight (fw) l−1)] were linearly correlated with FBRM counts. For M. citrifolia, which grows
in unbranched chains of 2–10 elongated cells, linear correlation of biomass concentration with FBRM counts was
applicable in the range 0–100 g fw l−1; at higher levels (100–300 g fw l−1), biomass was non-linearly correlated
with FBRM counts and length-weighted average FBRM chord length. For both cell systems, particle morphology
(size/shape) was quantified using semi-automated digital image analysis. The average aggregate equivalent dia-
meter (C. calcitrapa) and average chain length (M. citrifolia), determined using image analysis, closely tracked
the FBRM average chord length. The data clearly demonstrate the potential for applying the FBRM technique for
rapid characterisation of plant cell suspension cultures.

Introduction

Despite their significant biochemical potential, in-
dustrial-scale application of plant cell suspension cul-
tures is limited, primarily due to a combination of
economic and engineering factors (Kieran 2001). Bio-
mass levels [up to about 20 g dry wt (dw) l−1, equiv-
alent to approx. 300–400 g fw l−1] are higher than
those typically achieved in bacterial systems and the
suspensions are generally heavily aggregated. Due to
the characteristically longer doubling times of plant
cells (approx. 20–100 h) batch duration is extended
and system sterility is challenged. Under these circum-
stances, it may be difficult to obtain a representative
broth sample from a bioreactor; moreover, sampling

may increase the risk of contamination. The availab-
ility of robust, in situ methods for evaluation of key
process variables would obviate the need for sampling.

Focused beam reflectance measurement (FBRM)
technology, implemented in a probe which may be
installed directly in a reactor, has been successfully
used for the in situ characterisation of particle size
and concentration in chemical processing applications
(e.g. Barrett & Glennon 1999, 2002, Loan et al.
2002). As the probe may be exposed to sterilisa-
tion temperatures, it is also suitable for bioreaction
applications. To date, the FBRM system has been
employed for biomass measurement and morpholo-
gical characterisation in filamentous systems (Pearson
et al. 2003). Working with three different suspensions
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(Oryza sativa, Nicotiana benthamiana and Trichosan-
thes kirilowii), McDonald et al. (2001) demonstrated
the feasibility of applying this technique to plant cell
systems. Briefly, the probe operates by projecting a
highly focused laser beam, through a set of rotat-
ing optics and a sapphire window, into a suspension
sample. The beam traces a path around the window cir-
cumference. When a particle intersects the beam, the
laser light is backscattered. This backscatter is meas-
ured: the duration of the backscatter is related to the
size of the particle and is expressed in terms of a chord
length; the number of such chords measured from a
given suspension sample, under specified measure-
ment conditions and in a specified time period, is
related to the particle concentration. Comprehensive
details on the operation of the FBRM system are
presented elsewhere (Barrett 2002).

Methods

Cell cultures

Cultures of Morinda citrifolia and Centaurea calcit-
rapa were grown in 250 ml and 1 l shake-flasks,
respectively (with working volumes of 100 ml and
500 ml, respectively). All flasks were maintained on
an orbital incubator (120 rpm) at 25 ◦C. M. citrifolia
was subcultured every 14 d, as described elsewhere
(Zenk et al. 1975). C. calcitrapa was subcultured
weekly, using a 20% (v/v) inoculum and a modified
Schenk and Hildebrandt medium, supplemented with
30 g l−1 glucose, 1.5 mg l−1 naphthaleneacetic acid
and 0.15 mg l−1 kinetin; C. calcitrapa flasks were
kept in the dark. Full cultivation details are provided
by Raposo (2003).

FBRM measurements

Using an FBRM probe (Model M400LF, Lasentec
Inc., Redmond, WA), all suspension samples were
analysed in the same manner. In a 400 ml beaker,
160 ml cell suspension (either neat or diluted) was
stirred at 200 rpm, using a pitched-blade, upward-
pumping impeller (diam. 50 mm). The FBRM probe,
mounted in a proprietary Lasentec stand, was sub-
merged in the suspension to a depth of 2.5 cm; the
window of the probe faced downward into the dir-
ection of flow. Twenty measurements, each of 10 s
duration, were made on each sample, and the data re-
corded using the FBRM acquisition software. The data
were binned into 90 logarithmically-spaced channels,

in the range 1–1000 µm. Data were exported to Excel
for further manipulation. Where indicated, neat cell
suspensions were diluted with KNO3 at 4 g l−1. As
FBRM results are susceptible to the choice of the fo-
cal point position (Worlitschek & Mazzotti 2003), for
comparison between M. citrifolia and C. calcitrapa,
count data are presented on relative bases.

Morphological analysis

Because the FBRM system measures particle chord
length, rather than a specific dimension (e.g. dia-
meter or maximum feret), results are sensitive to both
particle shape and particle size. Accordingly, two mor-
phologically dissimilar cell suspensions were selected
for this study. In suspension culture, C. calcitrapa is
heavily aggregated, with cells forming roughly spher-
ical aggregates, of 50–3000 µm equivalent diameter
(Raposo 2003). This aggregation is characteristic of
many plant cell systems. In contrast, M. citrifolia
cells are characteristically cylindrical in shape and ex-
ist in unbranched chains of between 2 and 10 cells.
Chains are typically between 100 and 1700 µm in
length and approx. 25–50 µm in width (Kieran et al.
1993). This morphology is less common in plant cell
cultures, although Curtis & Emery (1993) reported
similar characteristics for suspensions of Nicotiana
tabacum cultivated under batch conditions.

For morphological measurements, suspension
samples, stained with Evan’s Blue for improved
contrast, and appropriately diluted with KNO3 at
4 g l−1, were loaded into a custom-built glass cham-
ber (1.5 mm in depth) mounted on a microscope slide
and covered with a coverslip. The dilution factor was
adjusted, depending on the original biomass concen-
tration, to reduce the incidence of aggregate overlap,
when viewed under the microscope. Semi-automated
image analysis was performed using a Leica Q500IW
image analysis system with QWIN software ver-
sion 2.3, coupled to an Olympus BX-2 microscope.
Samples were viewed under a 4× Dplan lens. Ana-
lysis was performed using a self-authored macro writ-
ten using the QUIPS macro programming functions.
C. calcitrapa samples were analysed on the basis of
equivalent aggregate diameter; for M. citrifolia, the
area and perimeter of each chain was determined. For
statistical robustness, at least 300 entities were ana-
lysed to produce the distributions presented here. This
minimum was identified on the basis of a ‘running
average’ as described by Pearson et al. (2003). The
data were binned into geometrically spaced bins (80–
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Fig. 1. FBRM chord length distributions for (a) M. citrifolia and
(b) C. calcitrapa suspensions, neat and progressively diluted with
a 4 g l−1 aqueous solution of KNO3. FBRM count data in these
figures have been scaled to account for variations in the FBRM focal
point employed for the two cell systems.

2551 µm) to which log-normal distributions were then
fitted using non-linear regression techniques.

Results and discussion

Effect of biomass level on FBRM chord length
distribution

In batch culture, plant cell suspensions typically
achieve significantly higher biomass levels than bac-

Fig. 2. Relationship between total FBRM counts and fresh cell
weight for C. calcitrapa.

terial and mammalian cell systems. In this laboratory,
M. citrifolia and C. calcitrapa achieve maximum bio-
mass (fresh weight) levels of approx. 300 g l−1 and
200 g l−1, with corresponding dry weights of approx.
14 g l−1 and 10 g l−1, respectively. However, val-
ues of the fw/dw ratio, indicative of higher cellular
water content and larger cell sizes than in bacterial
systems, are both line-specific and dependent on cul-
tivation conditions. For this study, fresh weight values
– which more directly reflect the condition of the bio-
mass in suspension – were employed as the correlating
parameter, in preference to dry weight levels. For
both suspensions, the ability of the FBRM to detect
changes in biomass levels was successfully demon-
strated using samples of diluted broth. Figure 1 shows
(unnormalised) chord length distributions for broths of
(a) day 7 C. calcitrapa and (b) day 10 M. citrifolia
broths, progressively diluted from original biomass of
159 g l−1 and 270 g l−1 to 10 g l−1 and 25 g l−1,
respectively. In both cases, total FBRM counts in-
crease with increasing cell concentration. Although
the shape of the FBRM count distributions appears to
be system specific, for each culture, internal consist-
ency is confirmed by the insensitivity of the shape of
the distribution to sample dilution.

Figure 2 shows a strong linear relationship between
total FBRM counts and C. calcitrapa biomass (fresh
weight) levels over the course of a 7-d batch growth
cycle, clearly demonstrating the potential of the
FBRM to track changes in biomass concentration in an
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Fig. 3. Relationship between total FBRM counts and fresh cell
weight for M. citrifolia.

aggregated suspension. The relationship between bio-
mass concentration and FBRM counts for M. citrifolia
is more complex. Figure 3 shows the variation in total
FBRM counts with fresh weight for neat (whole broth)
and diluted suspensions, harvested across the 14-d
growth cycle. (For clarity, data for samples harvested
on days 0, 2 and 4 have been omitted.) Here again, as
with C. calcitrapa, there is a strong, positive correla-
tion between total counts and fresh weight. However,
closer examination of the data reveals deviations in
the day 6 data, particularly at higher biomass levels.
These deviations are explained in terms of size-related
effects (see Influence of particle size on FBRM-based
biomass correlation).

Changes in particle size

As a size reference for FBRM measurements, Mc-
Donald et al. (2001) used sieving, which proved less
suitable than image analysis for both the highly friable
C. calcitrapa suspensions and the heavily elongated
M. citrifolia chains. Furthermore, image analysis of
wet samples permits characterisation under conditions
more representative of actual processing conditions
than sieving.

To investigate the possibility of tracking changes
in C. calcitrapa aggregate size, two FBRM-based
statistics were studied: the mean chord length and
the mean square-weighted chord length. These val-
ues were compared to the average aggregate equiv-
alent diameter, determined using image analysis. As

Fig. 4. Correlation between C. calcitrapa average aggregate
equivalent diameter (determined using image analysis) and two
FBRM-based statistics, the average chord length and the average
square weighted chord length.

measured by the FBRM, chord length is not just a
function of particle size, but is also determined by
particle shape, opaqueness and surface properties.
Nonetheless, Figure 4 shows a strong linear correl-
ation between average aggregate equivalent diameter
and both FBRM-based statistics, with average chord
length yielding a slightly higher correlation coefficient
(R2 = 0.8303).

Figure 5a shows normalised FBRM chord length
distributions for the first 8 d of the M. citrifolia growth
cycle. Between days 0 and 2, there is a pronounced
shift to the right as well as an increase in the spread of
the distributions, reflecting increasing particle (chain)
size, with little further change at day 6. The day 8
chord length distribution is very similar to that recor-
ded on day 0 and there are no subsequent variations
throughout the remainder of the batch cycle (data
not shown). These patterns are generally mirrored by
the corresponding image analysis data (Figure 5b), to
which log-normal distributions have been fitted. The
shift in the distributions to the right indicates an in-
crease in cell length during the lag and exponential
growth phases, with an associated increase in chain
length. Thereafter, larger chains sub-divide, resulting
in a shift in the distribution to the left. After day
8 of the 14-d growth cycle, there is little variation
in any morphological characteristic. Good agreement
between the trends in the time profiles for both aver-
age chain length (image analysis) and average FBRM
chord length (Figure 6) shows the potential for using
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Fig. 5. (a) Normalised FBRM chord length distributions and (b)
image-analysis based frequency distributions for chain length for
M. citrifolia. The log-normal curves fitted to the experimental data
in (b) were obtained using the Solver function on Microsoft Excel.

the FBRM, as an alternative to image analysis, for
tracking changes in particle size.

Influence of particle size on FBRM-based biomass
correlation

During the lag and early growth phases, the image
analysis data presented in Figure 5b reveal that the
average M. citrifolia chain length increases by approx.
43%. By contrast, in the C. calcitrapa suspensions,
the average aggregate equivalent diameter varies by

Fig. 6. Variation of both the average image analysis chain length
and the average FBRM chord length for M. citrifolia over the course
of a 14-d batch growth cycle.

only 29% during the week-long batch cycle (data not
shown). As the FBRM chord length distributions (Fig-
ure 2) reflect particle number, size and geometry, a
simple correlation of FBRM counts with biomass con-
centration may be less appropriate in the context of
significant changes in particle size distributions. For
M. citrifolia, non-linear regression yields the follow-
ing empirical relationship between cell fresh weight
(FW), total FBRM counts recorded over a 200 s meas-
urement period (N) and the length-weighted mean
chord length, Yl :

FW = 530 N0.45Y−2.1
l ,

where Yl is calculated from the number of counts, ni ,
recorded in a bin of midpoint Li , as

Yl =
90∑
i=1

niL
2
i

/
90∑
i=1

niLi .

In Figure 7, this correlation is applied to two in-
dependent sets of M. citrifolia batch data, including
measurements for neat and diluted samples, at biomass
levels in excess of 100 g l−1; at lower biomass levels,
a simple linear relationship is applied. There is very
good agreement between experimental and predicted
values.

The results presented here clearly illustrate the
potential of the FBRM probe for monitoring morpho-
logically diverse systems, at biomass levels as high
as 250 g fw l−1 (approx. 14 g dw l−1). FBRM-based
correlations for biomass levels and aggregate size de-
veloped for both M. citrifolia and C. calcitrapa proved
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Fig. 7. Predicted and experimentally-determined biomass val-
ues for M. citrifolia. For biomass levels in excess of 100 g
fw l−1, the non-linear correlation is based on FBRM counts and
length-weighted average chord length; below 100 g l−1, biomass
levels are linearly correlated with FBRM counts. The dashed lines
represent ±10% of the experimental values. Data presented were
collected from two independent batch cultures and include both
whole broths and diluted samples.

more successful for these systems than correlations
based on the cube-weighted FBRM chord length, pro-
posed by McDonald et al. (2001) for rice, tobacco and
wild Chinese cucumber, reflecting the system-specific
nature of the technique.

Acknowledgements

This work is supported by an Enterprise Ireland Basic
Research Award (SC/00/256) and by a UCD Presid-
ent’s Research Award 2002.

References

Barrett P (2002) In-situ Monitoring of Crystallization Processes.
PhD Thesis, Dublin, Ireland: University College Dublin.

Barrett P, Glennon B (1999) In-line FBRM monitoring of particle
size in dilute agitated suspensions. Part. Part. Syst. Charact. 16:
207–211.

Barrett P, Glennon B (2002) Characterising the metastable zone
width and solubility curve using Lasentec FBRM and PVM.
Trans. IChemE Part A. 80: 799–805.

Curtis WR, Emery AH (1993) Plant cell suspension culture rhe-
ology. Biotechnol. Bioengng. 42: 520–526.

Kieran PM (2001) Bioreactor design for plant cell suspension cul-
tures. In: Cabral JMS et al., eds. Principles of Multiphase
Reactor Design. Harwood Academic Press, pp. 391–426.

Kieran PM, Malone DM, MacLoughlin PF (1993) Variation of ag-
gregate size in plant cell suspension batch and semi-continuous
cultures. Trans. IChemE Part C 71: 40–46.

Loan M, Parkinson G, Newman M, Farrow J (2002) Iron
oxy-hydroxide crystallization in a hydrometallurgical residue.
J.Cryst. Growth 235: 482–488

McDonald KA, Jackman AP, Hurst S (2001) Characterization of
plant suspension cultures using the focused beam reflectance
technique. Biotechnol. Lett. 23: 317–324.

Pearson AP, Glennon B, Kieran PM (2003) Comparison of mor-
phological characteristics of Streptomyces natalensis by image
analysis and focused beam reflectance measurement. Biotechnol.
Prog. 19: 1342–1347

Raposo S (2003) Rheological and Hydrodynamic Characterization
of Centaurea calcitrapa Cell Suspension Culture in a Biological
Reactor. PhD Thesis, Faro, Portugal: Universidade do Algarve.

Worlitschek J, Mazzotti M (2003) Choice of the focal point position
using Lasentec FBRM. Part. Part. Sys. Charact. 20: 12–17.

Zenk MH, El-Shagi H, Schulte U (1975) Anthraquinone production
by cell suspension cultures of M. citrifolia. Planta Med. Suppl.
79–101.


