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Abstract
Background—Surgical wounds are frequently contaminated by microbes, but rarely become
infected if the bacterial burden is low, and irrigation is used to reduce contamination. Wound fluids
are low in calcium and high in magnesium. We hypothesized that manipulating irrigant divalent
cation concentrations might influence bacterial adhesion.

Methods—Staphylococcus aureus, E. coli, and Pseudomonas aeruginosa were stained with
fluorescent Calcein AM before plating onto fibroblast monolayers, collagen I, or uncoated
bacteriologic plastic. After one hour, wells were washed with HEPES-buffered pH-balanced sterile
water without or with 5mM CaCl2, 5mM MgCl2 or 1mM EDTA+EGTA, and the remaining adherent
bacteria were assayed fluorometrically.

Results—Supplementing the irrigation with magnesium or chelators increased but calcium-
supplemented irrigation reduced bacterial adhesion to collagen or fibroblasts. Non-specific
electrostatic bacterial adhesion to uncoated plastic was unaffected by calcium.

Conclusion—Bacterial adhesion to mammalian cells and matrix proteins is influenced by divalent
cations, and pathogenic bacteria may be adapted to adhere under the low calcium high magnesium
conditions in wounds. Although these results await confirmation for other bacteria, and in vivo
validation and safety-testing, they suggest that supplementing wound irrigation with 5mM CaCl2
may reduce bacterial adhesion and subsequent wound infection.
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INTRODUCTION
Open surgical wounds are frequently contaminated to some extent by various microbes despite
standard surgical sterile technique, but in most cases the patient’s innate immune defense
systems can eliminate the bacteria and prevent infection. The likelihood of infection is
determined by a complex interplay between bacterial, host, and environmental factors,
including the virulence of the bacteria, the degree of bacterial contamination, the surgical
environment, perioperative management, and the host response. However, the adhesion of
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bacteria to the tissue represents the crucial first stage of the progression to infection. This does
not mean that the mere presence of bacteria is the only critical issue. Bacteria create disease
not only by their direct action but by secreting toxins, although if bacteria are washed out of a
surgical wound before closure then they logically cannot continue to secrete toxins into the
wound. However, even such bacterial pathogenic behavior may be governed by bacterial
numbers by an incompletely understood process known as quorum sensing, in which bacterial
density or concentration can trigger the release of factors which induce a pathogenic phenotype.
Such quorum sensing has been described in Staph (1), E. coli (2), and Pseudomonas (3).
Standards for operating room cleanliness, sterile technique, air exchange, and temperature have
been defined, and guidelines have been established for the timing and appropriateness of
prophylactic antibiotics, but less attention has been paid to methods to prevent bacterial
adhesion.

Although we have not demonstrated directly in this paper that the degree of bacterial
contamination correlates with the risk of wound infection, this concept underlies the
classification of wounds as clean, clean-contaminated, contaminated, or dirty based upon the
degree of contamination and the known increase in wound infection rates along this continuum.
The more bacteria present in a wound, the higher the probability of wound infection (4). Thus,
various authors have emphasized the importance of initial bacterial adhesion to tissues in
generating subsequent infections (5) since if the bacteria do not adhere, they may be washed
away. For instance, one study documented the dose-responsive nature of the risk of wound
infection with Staph aureus or P. aeruginosa in an animal model (6) and furthermore suggested
a cooperative and synergistic interaction between the two pathogens. The risk of wound
infection with E. coli is similarly dose-dependent. For instance, a clinical study demonstrated
that the risk of wound infection increases after elective laparotomy for inflammatory bowel
disease proportionately to the degree of bacterial contamination with E. coli or Staph aureus
in the operative field (7) while saline irrigation reduced the numbers of residual E. coli in guinea
pig surgical wounds and reduced wound infection rates in parallel(8). Others have proposed
laser light treatment of an open wound prior to closure to reduce the numbers of Staph aureus,
E. coli, or P. aeruginosa in the wound (9).

Surgeons typically irrigate wounds and surgical sites with sterile water or saline. The
mechanical force of such irrigation can remove necrotic debris, foreign material, and bacteria.
Various antibiotics and antiseptic agents have been added to wound irrigation to kill residual
bacteria with mixed results and in some cases potential toxicity. However, there has been less
consideration of methods that might interfere with bacterial adhesion in a mechanistically
directed fashion. Bacteria have many structures called adhesins that bind to different receptors
found on specific host tissues (10). Bacterial capsules help to provide an outer layer covering
to protect the bacterial cell from the extracellular slime(10). Most bacterial capsules are made
of polysaccharides and proteins such as fimbriae and pili, which act as bacterial adhesins
(10,11). Adhesins in the form of lectins are more common and bind to specific saccharide
receptors (11).

The precise mechanisms by which different bacteria adhere are incompletely understood. Some
adhesion does occur by integrin heterodimers that contain a divalent cation binding site on
their extracellular domain that when bound by magnesium or manganese upregulates integrin
binding affinity (12). We have previously reported that calcium competes with magnesium or
manganese for this site in mammalian integrin adhesion (13) presumably binding without
invoking the degree of conformational change required for integrin activation. At least some
other bacterial adhesion proteins may have homologous cation binding sites, but this awaits
further study. We hypothesized that adding either divalent cation chelating agents or divalent
cations, such as calcium and magnesium, would affect bacterial adhesion.
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We studied three different gram positive or gram negative bacterial strains common in wound
infections: Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. To mimic
the surgical situation in which bacterial contamination occurs during the procedure and the
wound is subsequently irrigated before closure, bacteria were allowed to adhere to various
substrates for one hour before being washed away by irrigation with sterile water that in some
instances was supplemented with chelating agents, magnesium, or calcium. A HEPES buffer
was added to all irrigants to maintain constant pH. In each case, we assessed adhesion to type
I collagen, the dominant collagen of the interstitial extracellular matrix, and to monolayers of
fibroblast GD-25 cells. We performed parallel studies of bacterial adhesion to bacteriologic
plastic plates in the absence of physiologic substrates to assess whether the observed effects
were modulating electrostatic or receptor-mediated bacterial adhesion.

MATERIALS AND METHODS
Bacteria

Staphylococcus aureus, Pseudomonas aeruginosa, and Escheria coli were obtained from
ATCC (Manassas, VA). During the day prior to experimentation, an inoculated drop from a
freezer stock of the bacterial strain to be studied was placed in 3ml of Luria Base Broth, LB
Broth. The mixture of bacteria and LB Broth was incubated on a spinning table overnight for
proper growth to be ready for experimentation the next day.

Cells
GD25 cells were obtained from the American Tissue Culture Collection. (ATCC, Manassas,
VA) These cells were grown in GD-25 medium purchased from ATCC (Manassas, VA).
Interstitial type I collagen also served as a substrate for adhesion.

Matrix precoating
Before plating the GD-25 cells, the twenty-four well plates were precoated with saturating
concentrations of interstitial type I collagen (Sigma, St. Louis, MO) for 30 minutes in an
ELISA-based coating buffer as previously described(13). After 30 minutes, the wells were
washed with three times with sterile phosphate-buffered saline (PBS), and seeded with 100,000
GD-25 cells suspended in a total of 500 ul of GD-25 medium. The plates were then cultured
to confluence prior to study. For studies of bacterial adhesion to type I collagen, twenty-four
well plates were similarly precoated with a monolayer of type I collagen overnight at 4°C and
washed three times with PBS before use.

Adhesion assay
After the bacteria were grown overnight, the suspension was measured in a UV/VIS Lambda
2 Spectrometer (Perkin Elmer, Waltham, Massachusetts) and diluted in LB broth to achieve
an OD570 of 0.7, approximately 7.0 × 106 CFU per milliliter. The resulting bacterial suspension
mixture of 8ml of LB broth and bacteria was then centrifuged in a Marathon 21000 R Centrifuge
from (Fisher Scientific, Pittsburgh, Pennsylvania) at a speed of 2000 rpm or 800 g’s for 8
minutes at 4°C, the supernatant LB broth was removed, and the bacterial pellet was resuspended
in 5ml of PBS and 5ul of Calcein AM, a fluorescent dye purchased from Invitrogen (Carlsbad,
CA). Bacteria were incubated with the Calcein AM at 37°C for 15 minutes to permit bacterial
staining, re-pelleted at a speed of 2000 rpm or 800 g’s for 8 minutes at 4°C, and resuspended
in 7ml of LB broth with 10% FBS. The mixture of bacteria, LB broth, and 10% FBS was then
agitated on an orbital shaker for 30 minutes at 37°C.

To prepare the monolayers, cells were washed three times with either pH-balanced sterile water
with HEPES or a HEPES buffer supplemented with a divalent cation. Cells were then covered
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with a monolayer of 250ul of HEPES medium or HEPES medium supplemented with a divalent
cation before addition of 250ul of bacterial suspension.

Bacteria were allowed to adhere to the substrates studied at 37 °C for one hour. After one hour,
each well was washed with HEPES or HEPES supplemented with a divalent cation or chelating
agent mixture three times. A FLX80C microplate fluorescence reader (Biotek Instruments,
Inc., Winooski, Vermont) at an excitation level of 485nm/20nm was then used to quantitate
the fluorescence of the remaining adherent bacteria in each well. Preliminary experiments
demonstrated that this calcein AM fluorescent assay correlated closely with assays of bacteria
counts by colony forming units (data not shown).

Data analysis
All experiments were conducted in twenty four well plates with n=6 and performed at least
three times yielding similar results. Since all experiments yielded similar results, data were
pooled for analysis after normalization to control values. Data were analyzed using the t-test
seeking at least 95% confidence.

RESULTS
Chelation with EDTA and EGTA increases bacterial adhesion

Washing with a HEPES buffer supplemented with 1 mM of EDTA and 1 mM EGTA increased
the adhesion of each bacterial strain to fibroblasts and collagen I compared to washing with
the same buffer without chelators. EDTA+EGTA increased S. aureus adhesion to fibroblasts
and type I collagen by 36±8% and 21±4%, respectively (n=18, p<0.005 for each) (Fig. 1A).
EDTA+EGTA increased P. aeruginosa adhesion to fibroblasts and type I collagen by 42±7%
and 18±3%, respectively (n=18, p<0.00005 for each) (Fig. 1B). EDTA+EGTA also increased
E. coli adhesion to fibroblasts and type I collagen by 14±7% and 21±3% (n=18, p<0.05),
respectively (Fig. 1C).

Calcium decreases bacterial adhesion
The finding that divalent cation chelation facilitated bacterial adhesion suggested that divalent
cations might interfere with bacterial adhesion. We therefore next studied the effects of
supplementing the irrigation buffer with 5mM Ca2+. The calcium-supplemented HEPES buffer
decreased the adhesion of each bacterial strain. Calcium decreased the adhesion of S. aureus
to fibroblasts and type I collagen by 30±4% and 29±3%, respectively (n=18, p<0.0005 for
each) (Fig. 2A). E. coli adhesion to fibroblasts and type I collagen was similarly decreased by
calcium by 27±3% and 23±2%, respectively (n=18, p<0.00001 for each) (Fig. 2B). The
adhesion of P. aeruginosa to fibroblasts and type I collagen was also decreased by calcium by
31±2% and 24±2%, respectively (n=18, p<0.00001) (Fig. 2C).

Bacterial adhesion to bacteriologic plastic is unaffected by calcium supplementation of the
irrigant

Bacteria may adhere via specific receptors or simply via electrostatic effects. We studied
bacterial adhesion to bacteriologic plastic, which involves only electrostatic effects(14,15), to
assess the specificity of the observation that calcium inhibits bacterial adhesion. We observed
no significant change in adhesion of any of the bacterial strains to bacteriologic plastic when
we washed with a calcium-supplemented HEPES buffer.

Magnesium increases bacterial adhesion
In contrast, to observations with calcium irrigation, supplementing the irrigation buffer with 5
mM Mg2+ increased the adhesion of each bacterial strain to all three substrates. S. aureus
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adhesion to fibroblast cells and type I collagen was increased in the presence of magnesium
supplementation by 18±5% and 17±3%, respectively (n=18, p<0.005) (Fig. 4A). Similarly, E.
coli adhesion to fibroblasts and type I collagen was increased by 18±5% and 29±4%,
respectively (n=18, p<0.00001 for each) (Fig. 4B) and the adhesion of P. aeruginosa the same
substrates was increased by 14±5% and 17±3%, respectively (n=18, p< 0.05 for each) (Fig.
4C).

DISCUSSION
Wound infections, more recently classified as surgical site infections, account for about 14–
16% of all infections that occur in the perioperative period in the United States (16). Surgical
site infections are the major cause of postoperative death globally, accounting for about 77%
of deaths of surgical patients (17). Although wound infections have a multifactorial etiology,
it is clear that the risk of wound infection is directly proportional to the degree of bacterial
contamination (18). This study suggests that chelation with the combination of EDTA and
EGTA, or supplementation of irrigation buffer with magnesium increases the adhesion of the
three bacterial strains studied to a variety of substrates, at least in vitro, but supplementing the
irrigation with calcium may inhibit bacterial adhesion.

Many surgical procedures offer either shorter or longer time for bacterial adhesion than the
one hour period studied here. Experimental standardization necessitated choosing a single time
point for our studies. However, the adhesion of bacteria is at maximum during the first hour
of adhesion and decreases thereafter because of a decrease in surface hydrophobicity (19).
Thus, this one hour time point may be a good starting point to explore bacterial adhesion.

The first response to a bacterial infection in a wound is by the innate immune system of the
body, which includes both the migration of inflammatory or phagocytic cells into the wound
fluid and the release of more than 100 different peptide antibiotics that may be found in wound
fluid and that may interfere with bacterial growth or adhesion. Although wound fluid would
therefore seem likely to be bacteriostatic, this fluid also contains higher amounts of bacteria
than wound tissues (20), presumably because not all bacteria successfully adhere and invade
the tissues while the immune counterresponse is more active within the tissues. Interestingly,
wound fluid also contains high amounts of magnesium and low amounts of calcium compared
with plasma (21). The present results raise the possibility that although these high magnesium
and low calcium levels may serve other purposes, they may actually promote bacterial
adhesion. Since these effects are not seen when adhesion to bacteriologic plastic is studied,
they seem more likely to reflect specific effects on bacterial adhesion receptors than
perturbation of electrostatic interactions (14,15,22). Pathogenic bacteria may have evolved
adhesion receptors that can specifically take advantage of these fluctuations in divalent cation
levels. The precise characterization of these receptors awaits further study, as the molecular
mechanisms of bacterial adhesion seem more heterogeneous and less well understood than
those responsible for mammalian cell adhesion (11).

There are clearly manifest differences between bacterial adhesion to cells or proteins in a dish
and bacterial adhesion to surgical wounds in vivo. These results therefore await extension to
animal models before translation to humans. However, the effects that we observed were
similar whether the substrate was type I collagen, the dominant collagen of the interstitial
extracellular matrix that characterizes surgical wounds, or fibroblasts, common cells in open
surgical wounds. Whether these results also apply to endothelial cells, important in open
chronically granulating wounds, is beyond the scope of the current manuscript.

Calcium chloride is inexpensive and readily available in the operating room. Interestingly, our
previous studies have also demonstrated that calcium irrigation can decrease the adhesion of
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mammalian cancer cells to matrix proteins (13) and surgical wounds, thereby promoting tumor-
free survival in a murine transplantable tumor model (23). Although calcium may reduce
bacterial adhesion to an open wound, another question is whether calcium might actually
modulate bacterial virulence. This is clearly an open question awaiting more study. However,
the absence of calcium actually triggers virulence in Pseudomonas, and Yersinia strains (24).
Of course, other bacteria might respond differently to calcium, either for adhesion or
pathogenicity, and this must await eventual study in a less controlled clinical setting to address
the question of how the specific bacteria that cause wound infections in our patients might
respond.

It should be emphasized that the present results await in vivo validation, and it will also be
important to demonstrate that such interventions do not have other deleterious effects. Serum
cation concentrations are not changed after murine wound irrigation (23), but humans may
offer different pharmacokinetics, while possible interference with wound healing or other host
responses to injury must still be ruled out. However the present results may increase the
attraction of a strategy of irrigating surgical wounds with calcium-supplemented fluids after
clean-contaminated resection of neoplasms such as those of colonic origin.
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Fig. 1.
Effect of chelating agents on bacterial adhesion. Irrigation with HEPES-buffered water
supplemented with 1 mM EDTA+EGTA (shaded bars) increased adhesion of S. aureus (A),
P. aeruginosa (B), and E. coli (C) to fibroblast GD-25 cells and type I collagen compared with
irrigation with HEPES-buffered water without chelating agents (open bars). All data are
normalized to bacterial adhesion. (n=18, *p<0.05)
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Fig. 2.
Effect of calcium on bacterial adhesion. Calcium-supplemented irrigation (shaded bars)
decreased adhesion of S. aureus (A), P. aeruginosa (B), and E. coli (C) to fibroblast GD-25
cells and type I collagen compared with irrigation with HEPES-buffered water without calcium
(open bars). All data are normalized to bacterial adhesion. (n=18, *p<0.0005)
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Fig. 3.
Adhesion to bacteriologic plastic. There were no significant changes in bacterial adhesion to
bacteriologic plastic when plastic wells seeded with S. aureus, P. aeruginosa, or E. coli were
washed with a calcium-supplemented HEPES buffer (shaded bars) compared with irrigation
with buffer without calcium (open bars).
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Fig. 4.
Effect of magnesium on bacterial adhesion. Magnesium (shaded bars) increased adhesion of
S. aureus (A), P. aeruginosa (B), and E. coli (C) to fibroblast GD-25 cells and type I collagen
compared with irrigation with HEPES-buffered water without magnesium (open bars). All data
are normalized to bacterial adhesion. (n=18, *p<0.05)
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