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INTRODUCTION
Akatsuka Garden Company has continued research and development on various 
solutions which accelerate plant growth and activate physiological functions of 
plants since 1984. We have focused our attention on the behavior of iron ions in 
water and interaction of iron ions and water. Based on that research we developed 
a new water improvement device named “Ferrous Ferric Chloride (FFC®) ceramic 
balls” (Sugi and Yamashita, 1991) in 1995. Water treated with FFC ceramic balls 
(called “FFC water”) possesses specific biological effects such as stimulation of plant 
growth, especially root growth (Hasegawa et al., 2006). In animals, FFC also pos-
sesses stimulative effects on cell growth (Hirobe, 2007). The FFC ceramic balls have 
been utilized by users in many different fields in primary and secondary industries. 
Those users obtained many advantages from the utilization of FFC ceramic balls — 
for example, productivity enhancement, cost reduction, decrease in amount of agri-
cultural chemicals required, etc. (Yokomizo, 2011). In addition, many users have re-
alized that utilization of FFC ceramic balls for production facilities and their water 
distribution systems can decrease the harmful biofilm formation which can cause 
contamination and deterioration of facilities and the clogging of drainage pipes. We 
considered that these beneficial phenomena could be due to physicochemical origins 
of the FFC water’s antifouling property against bacterial attachment. Therefore we 
established collaborative research with Harvard University from 2004 until today. 
In this paper, I introduce some of the effects of FFC water to prevent or hinder bac-
terial attachment using titanium surfaces for this research.

MATERIALS AND METHODS
The control solution was prepared by dissolving 0.22 g of (NH4)2SO4, 0.12 g of  
KH2PO4, 0.23 g of MgSO4•7H2O, 0.25 g of CaCl2•2H2O, and 0.05 g of BBL™ yeast 
extract in 1 L of deionized water followed by autoclave sterilization. The FFC solu-
tion was prepared as described for the control solution, but with deionized water 
first equilibrated with four FFC ceramic balls under vigorous stirring for 1 h.

Sterilized titanium squares (0.5  0.5 cm2, thickness of 0.5 mm) were immersed 
in the control or FFC solutions with and without Pseudomonas aeruginosa inocula-
tion at 25 °C and 120 rpm. The squares with the inoculation were removed after 
4 days of incubation, and the squares without the inoculation were removed after 
2 days of incubation. The density of attached P. aeruginosa cells to the surfaces 
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with the inoculation was examined by scanning electron microscopy (SEM). Sur-
face forces (repulsive and adhesion forces) of the titanium squares with and without 
the inoculation were examined by force-volume microscopy (FVM) (Na et al., 2010).

RESULTS AND DISCUSSION
The SEM observations showed that the densities of attached P. aeruginosa were 
6.2 (±1.3)  105 cells/cm2 for surfaces immersed in the FFC solutions compared 
to 8.7(±0.8)  106 cells/cm2 for surfaces immersed in the control solution (Figs. 1, 
2a). Parallel measurements by FVM demonstrated that regions of elevated inter-
facial repulsion covered 72±2 % of the surfaces immersed in the FFC solutions, 
compared to 26±2 % for immersion in the control solutions (Fig. 2b). Additionally, 
the FVM measurements also indicated that the upper fifth percentile of surface 
adhesion was 1784±40 pN for surfaces immersed in the FFC solutions compared to  
2284±40 pN for the control solutions (Fig. 2c). These results suggested that more 
extensive regions of elevated interfacial repulsion as well as of decreased surface 
adhesion provided an explanation for the lower density of attached cells observed 
for the surfaces immersed in the FFC solutions compared to the control solutions.

Our previous experiments showed that the lower densities of attached cells after 
using FFC water were observed for surfaces of not only titanium but also steel, plas-
tic, and glass. Thus, we consider that the utilization of FFC ceramic balls for plant 
production facilities and its water distribution systems may be a worthwhile strategy 
for preventing or at least hindering bacterial attachment and biofilm formation.

Figure 1. Scanning electron microscopy (SEM) image of titanium surfaces immersed in 
(A) ferrous ferric chloride (FFC) or (B) control solutions for 4 days. Prior to immersion SEM 
images showed clean surfaces. Image size: 40  40 μm2.
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Figure 2. Comparison for ferrous ferric chloride (FFC) and control solutions of (A) surface 
cell density, (B) surface area having non-zero interfacial force, and (C) the 95-percentile 
value of maximum surface adhesion.
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