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Abstract
Aim—Microbial biofilm matrix contains polysaccharides and proteins and can require
extracellular nucleic acids for initial formation. Experiments were designed to identify infectious
pathogens in human aneurysms and to characterize biofilm formed by calcified human arterial-
derived nanoparticles.

Materials & method—A total of 26 different microbial pathogens were isolated from 48
inflammatory aneurysms. Consistent amounts (0.49 McFarland units) of nanoparticles derived
from similar tissue were seeded into 24-well plates and cultured for 21 days in the absence
(control) or presence of RNase, tetracycline or gentamicin.

Results—Control biofilm developed within 14 days, as detected by concanavalin A and
BacLight™ Green staining. The formation of biofilm in wells treated with RNase was not
different from the control; however, gentamicin partially inhibited and tetracycline completely
inhibited biofilm formation. Therefore, nanoparticle biofilm retains some characteristics of
conventional bacterial biofilm and requires protein–calcium interactions, although extracellular
RNA is not required.

Conclusion—This model system may also allow study of nanosized vesicles derived from donor
tissue, including any microbes present, and could provide a useful tool for in vitro investigation of
nanoparticle biofilm formation.
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In nature, biofilms are surface-associated structures of communal microorganisms encased
within a secreted matrix of exopolysaccharides. Biofilms may contribute to human disease
and reduce performance of implantable medical devices [1–4]. It is critical, therefore, to
better understand the composition and factors leading to their formation.

Atherosclerosis results from inflammatory processes and infectious agents, which include
bacteria (i.e., Treponema pallidum, Chlamydia pneumoniae, Helicobacter pylori and
Porphyromonas gingivalis) and viruses (i.e., coxsackie B4, herpes simplex virus and
cytomegalovirus) [5–11]. Antibiotics, including tetracycline (TCN), are effective in
reducing some vascular diseases, including syphilitic aortitis, expansion of aortic aneurysms
and a number of adverse events in patients with coronary artery disease [12–18].
Discrepancies among studies regarding the efficacy of antibiotic treatment for
cardiovascular conditions may reflect concurrent pathophysiological parameters, such as
heterogeneous patient populations, and confounding risk factors, such as metabolic
syndrome, which may not necessarily cause atherosclerosis but could predispose select
individuals to the risk of chronic infection. Therefore, associations among infection,
antibiotics and vascular disease require further investigation.

Nanosized particles (nanoparticles [NPs]) have been identified in diseased human tissues
including arterial plaque, kidney stones, gall stones, prostate glands, placenta and ovarian
tumors. Those NPs isolated from arterial tissue and kidney stones form calcific films under
standard tissue-culture conditions [19–25]. Whether or not these films can rightfully be
called biofilms is debatable.

Nanoparticle films contain both organic (proteins, nucleic acids and lipids) and inorganic
mineral components [26–31]. A DNA sequence identified as Nanobacterium sanguineum
was reported from NPs isolated from human and cow sera [32]. However, only partial DNA
sequences of common environmental bacteria were amplified by PCR from film derived
from NPs isolated from human saliva. Thus, characterization of a NP film may depend upon
the tissue of origin and could be derived from contaminating flora [33] rather than from a
unique nanosized bacterium [32,34].

Extracellular nucleic acids participate in the formation of some bacterial biofilm [35]. In
addition, some enzymes participating in RNA translation were found in cultures of NPs
[27,36]. Other studies provide evidence that the formation of a NP film may result from
physical–chemical interactions of proteins in serum with hydroxyapatite or calcium
carbonate [29–31,37]. However, formation of a NP film is reduced or limited by inhibitors
of aerobic metabolism and antimicrobial agents, suggesting the involvement of enzymatic
processes in addition to physical–chemical interactions of proteins with inorganic salts [26–
28,38,39].

The extracellular matrix of microbial bio-films contains polysaccharides and enzymes that
affect propagation and stability of the biofilm [3]. Depending upon environmental
conditions, some types of bacteria precipitate intracellular hydroxyapatite or form cell wall
vesicles that could potentially interact with mammalian cells, initiating inflammatory
responses [40–42]. Indeed, cultured, human-derived NPs reduce platelet aggregation [43]
and modulate vascular remodeling when injected intravenously into animals [44,45],
suggesting a pathological potential. Therefore, studies were designed to identify infectious
pathogens in diseased arterial tissue and to characterize the film formed by cultured NPs
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derived from similar arteries. Experiments tested the hypothesis that formation of a NP film
is dependent upon extracellular nucleic acids, enzymatic and physical–chemical calcification
processes. In this article, the nomenclature biofilm, initially proposed by Cisar et al. to
describe a NP-derived film in culture is used, even though culturable NPs may not be a
biofilm in the traditional sense [33].

Methods
Identification of microbes in vascular tissue & isolation of NPs

Segments of aneurysms explanted as part of surgical vascular repair were analyzed.
Explanted segments were placed in sterile saline, homogenized and cultured for aerobic or
anaerobic organisms in the Clinical Microbiology Laboratory at the Mayo Clinic (MN,
USA) using standard techniques. Some segments of explanted aneurysms were
homogenized and forced through a 0.2 μm filter. The filtrate was inoculated into 10 ml
vented tissue-culture flasks containing standard culture medium [28] comprising Dulbecco’s
modified Eagle’s medium (DMEM 10–013, Mediatech, Inc., VA, USA), 10% γ-irradiated
fetal bovine serum (Atlanta Biologicals, Inc., GA, USA) and 50-μM β-mercaptoethanol,
which had been filtered (0.2 μm) prior to use. Flasks then were placed in a humidified
incubator at 37°C, 90% O2/10% CO2. Every 4–6 weeks, flasks were scraped with a rubber
spatula and divided 1:10 into fresh DMEM and 10% fetal bovine serum. NPs exist as both
adherent biofilm and planktonic (floating) forms suspended in the medium. In this study,
planktonic forms of NPs were used exclusively. Random NP cultures were screened for
Mycoplasma using a rapid PCR test in the Mayo Clinic Microbiology Laboratory; all NP
cultures tested negative. The collection of human tissue and review of medical records were
performed in compliance with regulations of the State of Minnesota and the USA
(Institutional Review Board-approved protocols 291-99, 2126-01 and 1030-03).

Analysis of NP biofilm
The outer wells of 24-well culture plates (Costar®, Corning, Inc., NY, USA) were filled with
sterile-filtered water to reduce evaporation from the seeded wells during the course of the
experiment. A sterile glass cover slip was placed in the bottom of the remaining inner eight
wells of each plate. These wells were filled with 3 ml of standard culture medium, either
alone, or with DNase (40 units/ml, three different lots, TURBO™ DNase; Ambion, Inc.,
TX, USA), RNase (50 units/ml; RNase I; Ambion, Inc., TX, USA), TCN HCl (12μg/ml;
Gallipot, Inc., MN, USA) [27] or gentamicin sulfate (GM; 12 μg/ml; Spectrum Chemical
MFG CORP, CA, USA) [46] in duplicate (two wells per condition). DNase and RNase were
used to determine whether extracellular nucleic acids were required for the formation of the
NP biofilm. TCN and GM are antibiotics of the same class but differ in their capacity to
chelate calcium and were chosen in order to differentiate between the potential mechanisms
of action: mineral–protein interactions versus enzymatic activity [47,48].

A total of 12 sets of plates were prepared for each harvest day: six contained medium with
and without treatments (blanks), and six contained identical treatments but were seeded with
NPs (density of 0.49 McFarland units). This initial seeding density was chosen based on
preliminary experiments that demonstrated measureable changes in turbidity within the 3-
week time frame. Plates were incubated (37°C, 90% O2/10% CO2) for up to 21 days.
Treatments (diluted in medium) or equal volumes of medium (control) were added to each
well every day. At days 1, 7, 14 and 21, a 2-ml aliquot of medium was collected from each
well. Care was taken not to agitate the well, thus leaving the biofilm undisturbed. Medium
was analyzed for turbidity (Hach 2100N Turbidimeter, CO, USA) in McFarland units,
reflecting the density and size of suspended NPs.
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The remaining medium in each well was aspirated and discarded. The biofilm remaining on
each cover slip was fixed with 2% paraformaldehyde (0.5 ml; 10 min; Electron Microscopy
Sciences, PA, USA) and washed with 0.5 ml phosphate-buffered saline (PBS). Cover slips
were mounted on flame-cleaned slides with ProLong Gold mounting medium (days 1, 7, 14;
Invitrogen, CA, USA) or ProLong Gold antifade reagent with 4′,6-diamidino-2-phenylindole
(DAPI), a DNA-binding stain (day 21; Invitrogen). Slides were stored overnight away from
light, then sealed and kept at 4°C before examination.

Slides were coded so that the observer was blinded to the sampling day and treatment. Using
a dark-field microscope (CytoViva, Inc., AL, USA) with a Dage-Maryland
Telecommunications, Inc. (MTI) camera (Excel M, Dage-MTI of Michigan City, Inc., IN,
USA) and Exponent software (Dage-MTI, Inc.), five fields were selected from each slide.
Each 100× field was analyzed for the percent area covered by biofilm using KS400 software
(Zeiss, NY, USA).

Staining of NP biofilm
Planktonic NPs were harvested then diluted in fresh standard medium. Aliquots of 2.5 ml
were plated onto glass cover slips and incubated, as described earlier. After 14 days, cover
slips were removed and examined by confocal laser scanning microscopy.

Concanavalin A (Con-A; Concanavalin A-Alexa Fluor® 488; Molecular Probes, OR, USA),
a lectin compound that selectively binds to glucose and mannose residues of cell wall
polysaccharide in the form of a fluorescent conjugate, was used to label and visualize the
biofilm. Con-A stock solutions were prepared (1 mg/ml in 0.1 M sodium bicarbonate, pH
8.3) and aliquots were stored at −20°C until use. For labeling biofilm, each cover slip was
rinsed briefly in PBS, placed into a petri dish containing 25-μg/ml Con-A in 2-ml PBS,
incubated for 60 min at 37°C, removed, rinsed briefly and mounted on a microscope slide
using ProLong Gold antifade reagent (Molecular Probes). Cover slips with unstained biofilm
served as controls. In some experiments, cover slips were labeled with BacLight™ Green
(Molecular Probes), a non-nucleic acid-labeling reagent highly specific for bacteria. Stock
solutions of 1 mM were prepared in dimethyl sulfoxide and diluted to a final concentration
of 2 μM in PBS. The labeling procedure was similar to that used for Con-A, except that each
biofilm specimen was labeled for 30 min at 25°C followed by fixation in 2%
paraformaldehyde before mounting and imaging. Several control samples were also
prepared on cover slips in order to rule out autofluorescence during imaging and to validate
the specificity of the stain for bacteria: unstained bio-film, hydroxyapatite crystals exposed
to culture medium, Staphylococcus epidermidis and porcine aortic smooth muscle (PASM)
cells. S. epidermidis and PASM cells were cultured according to standard techniques [49].
Each cover slip was observed using a Zeiss LSM 510 confocal laser-scanning system (Carl
Zeiss, Inc., Oberkochen, Germany) equipped with an argon laser and an Axiovert 200 M
inverted microscope fitted with a 100×/1.4 Plan Apochromat oil-immersion objective (Carl
Zeiss, Inc.). The emission light was passed through a 505–550 band-pass filter. Images were
captured and processed using Zeiss LSM 510 software.

Statistical analysis
Values are shown as the average turbidity or percent area covered by biofilm of each well,
corrected for the average value obtained from the corresponding blank well for that day and
treatment. To account for correlations and to estimate average responses of observations
sharing the same covariates, such as plate effects of repeated images, generalized estimating
equation (GEE) models [50] were fitted to both the turbidity and biofilm data. The GEE
model with an exchangeable correlation structure was assumed and the identity-link function
for a normal random variable was specified. The GEE model was fitted with the R library
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geepack (R programming language version 2.8.0, open source), which yielded estimates for
the treatment effect and time effect. Differences were estimated between each treatment and
control group at each time point, as well as for differences within treatments compared with
day 1. Statistical significance was accepted at p < 0.05.

Results
Identification of microbes in vascular tissue

Explanted segments of abdominal aortic aneurysms, classified by the attending surgeon as
inflammatory without adhesions or anastomoses to the intestines, were obtained from 48
patients. A total of 26 different organisms were cultured from these aneurysms using routine
microbiologic techniques (Table 1). Multiple bacteria were cultured from some samples; one
sample produced six different organisms. Additional aneurysms (n = 9) not sent for routine
microbial culture were processed using conditions to propagate NPs as described in the
methods section. Calcific NP biofilm developed in four (44%) of these nine preparations.
Subcultures of one of these isolates were used for experiments below.

Analysis of NP biofilm
Significant adherent biofilm developed in wells seeded with NPs alone (control), reaching a
maximum by day 14 (Figures 1 & 2A). Biofilm also formed in NP-seeded wells treated with
RNase, reaching a maximum and plateau at day 7. However, in wells treated with GM,
development of NP biofilm was significantly less than that in control wells at day 14. TCN
also reduced NP biofilm development compared with controls at all time points and to a
greater extent than GM (Figures 1 & 2A). Although images of wells containing TCN
appeared to demonstrate an increase in biofilm formation by day 21 (Figure 1), this
appearance was caused by increased background values also present in wells containing
TCN but no NPs. When the background is taken into account, the actual amount of biofilm
present in the TCN wells was less than that of the other day 21 values (Figure 2A). Similar
experiments were attempted using commercial DNase. However, wells containing DNase
(from multiple lots) demonstrated bacterial overgrowth of Rothia mucilaginosa. These plates
were discarded and no data were obtained. No other plates of NP biofilm used in the
subsequent analyses showed bacterial overgrowth.

The turbidity of the medium, a quantitative index of the number of planktonic NPs,
decreased significantly over the course of the 21-day treatment period in all groups (Figure
2B). The turbidity of medium from control wells trended higher than that of all other
treatments. By day 21, the turbidity of the medium from wells treated with either RNase or
TCN was significantly lower than that of control wells (Figure 2B).

Staining of NP biofilm
Nanoparticle biofilm (day 14) stained intensely with Con-A (Figure 3) and BacLight Green
(Figure 4). S. epidermidis, used as a positive control, also stained intensely with BacLight
Green, whereas commercial hydroxyapatite crystals did not (negative control). PASM cells,
an additional negative control for the stain, stained appropriately for F-actin but were not
stained by BacLight Green (Figure 4). None of the NP biofilm cover slips collected at day
21 stained positive for DAPI.

Discussion
Results of this study establish that microbial pathogens are commonly present in aortic
aneurysms and provide evidence that calcifying NPs can be propagated from some, but not
all, such aneurysms. Furthermore, mannose and glucose were identified within the NP
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biofilm, as evidenced by Con-A staining, similar to that observed in a standard microbial
biofilm [3]. Therefore, these data provide significant additions to the current pool of
knowledge regarding the characterization of the biofilm formed by human-derived NPs.

New information also is provided regarding factors that affect development of NP biofilm.
First, a decrease in turbidity of the NP culture medium over time after seeding was inversely
related to the development of the biofilm under control conditions. This observation is
consistent with the established characteristics of biofilm development, during which
planktonic bacteria adhere to a surface, form colonies and eventually release new planktonic
bacteria that perpetuate the cycle [3]. In the present study, turbidity of the media did not
increase after 21 days under control conditions. Therefore, NP biofilm may not be identical
to classical microbial biofilm and it is possible that after seeding into culture wells, NPs
form aggregates through purely chemical processes, which then settle and adhere to the
cover slips.

Previous work demonstrated that NPs in culture incorporate [3H]uridine [28], suggesting
that NP biofilm development might rely upon RNA. However, these results indicate that
RNase did not alter the development of NP biofilm. This observation does not preclude the
presence of RNA, rather it suggests that biofilm development is not dependent on the
presence of extracellular RNA, since RNase does not cross cell membranes. The absence of
DAPI staining also suggests that if extracellular nucleic acids are present in NP biofilm, the
amounts are below the sensitivity levels of DAPI as used in these experiments.
Unfortunately, it was not possible to evaluate the contribution of extracellular DNA to the
formation of NP biofilm, owing to contamination of commercial DNases with the common
oral flora bacterium [35]. Previous experiments, however, have suggested that DNA is
present in NP isolates [27,28,32,33]. The current work suggests the possibility that DNA
sequences are derived from the source material, in other words, commensal microbes
present in the donor tissue, since numerous varieties of microbes could be cultured from
explanted inflammatory aneurysms (Table 1). Further support for this hypothesis is provided
by the positive staining of NP cultures with BacLight Green (Figure 4). BacLight Green is a
proprietary probe, thus the specific microbial proteins(s) that mediate labeling are unknown.
However, enzymatic activity is probably required to activate the dye, since cell fixation is
suggested only after labeling [51].

Previous studies evaluated the propagation of NP biofilm in the presence of various
antibiotics, including TCN [27,38]. In order to distinguish between the relative importance
of calcium chelation [29,30,37] and the more specific biochemical effects involved in the
development of NP biofilms, two antibiotics with the same antimicrobial mechanism, but
with different calcium-chelating properties, were chosen for this study. Both TCN and GM
block tRNA binding in ribosomes [47]. However, TCN chelates calcium while GM does not
[38,48]. The complete inhibition of NP biofilm formation by TCN could be owing to its
calcium-chelating properties, its ability to block tRNA binding to other proteins or both. It
appears that inhibition of nucleic acid–protein binding is an important component in the
biofilm process, since GM partially inhibited NP biofilm formation. These results agree with
previous studies of NP biofilm derived from bovine sera and human kidney stones [27,38].
Collectively, these results suggest that both an enzymatic process and a chemical–protein
interaction are required for NP biofilm development.

The decrease in biofilm formation in the presence of TCN and GM was accompanied by a
decrease in turbidity of the media from wells seeded with NPs. Thus, the decrease in biofilm
formation was not due to stabilization of the planktonic forms of NPs within the media.
Furthermore, since turbidity in the wells treated with both GM and TCN decreased with
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time, these chemicals in some way disrupted the chemical interactions required for NP
formation.

Conclusion
The results of this study provide data that bring together two ostensibly contradictory
concepts of NP composition and provide the basis for a hypothesis regarding the production
of biologic NPs and their contribution to disease. Consistent with historical cardiovascular
literature that relates infectious burden to atherosclerotic disease, pathogens were identified
from explanted aneurysms. Processing of explanted, infected material by homogenization
and filtration could produce microbial byproducts and perhaps generate membrane vesicles,
some of which might retain enzymatic activity. Nucleic acid segments might also result
from this processing. These segments may not represent complete sequences, and the
variable sequences reported thus far may reflect the heterogeneity of the microbial
population within the diseased tissue [27,33,52,53].

The fact that NPs were propagated from less than half of those aneurysms prepared for
culture suggests that the type of commensal microbe and/or total microbial burden may be
critical for NP propagation in culture. This concept is similar to one proposed by Ciftcioglu
and colleagues, who suggested that NPs may act as a system for delivery of microbial toxins
to tissue [38,53]. Indeed, NPs derived from blood may reflect populations of cell-derived,
nanosized vesicles (also called microvesicles or microparticles), which vary with disease
conditions [54–57], or L-forms of bacteria that are carried by blood elements (Figure 5)
[58,59]. This proposed model does not rule out the possibility that proteins and minerals
could form NP aggregates independent of intact enzymatic activity, but instead purely
driven by physiochemical processes (pH, protein and ion concentrations) [26,29–31,37].

Future perspective
While the term NP defines entities based on size, it is reasonable to speculate that the
chemical composition of NPs and their activity will vary depending on their biological
sources. Heterogeneity of biochemical composition using biologically derived NPs should
be expected and not be considered as a rationale to stop investigation into their physiological
and pathophysiological potential. Rather, the challenge for investigators is to understand
how NP entities might develop in disease and whether their formation can be exploited as
diagnostic or prognostic biomarkers. Furthermore, standardization of starting material,
collection and culture conditions and methods to improve identification of the composition
of NPs might help eliminate the confusion over what appear to be contradictory findings and
may provide a model system for the investigation of biofilm formation on implantable
medical devices.

Executive summary

• Aerobic, anaerobic bacteria and fungi were cultured from explanted human
inflammatory aneurysms. Calcifying, self-propagating nanoparticles (NPs) were
cultured from some, but not all, aneurysms.

• Cultured NPs formed a biofilm, which stained positive for mannose and
bacterial proteins.

• Formation of NP biofilm was reduced by tetracycline, partially reduced by
gentamicin and not affected by RNase. Biofilm formed by NPs may reflect the
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tissue of origin and, perhaps, retain proteins and enzymatic activity
characteristic of that tissue, including those of resident pathogens.
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Figure 1. Representative 100× darkfield images of nanoparticle biofilm on cover slips from wells
collected on days 1, 7, 14 and 21 postplating
The blank wells (top row) were not inoculated with nanoparticles (NPs) and received no
treatments. Control wells (second row) were inoculated with NPs and received no
treatments. All other rows were seeded with NPs and treated with RNase (50 units/ml; third
row), TCN (12 μg/ml; fourth row) or GM (12 μg/ml; fifth row). Scale bar is 100 μm.
GM: Gentamicin; TCN: Tetracycline.
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Figure 2. Effects of treatments on the formation of (A) nanoparticle biofilm and (B) the turbidity
of the media
Each value represents the mean of n = 120–150 values/day. Values are the average of each
measurement corrected for the average value of the corresponding blank wells. Turbidity is
measured in McFarland units.
*Statistical difference from control.
‡Statistical difference from day 1.
§Statistical difference from both control and day 1, p < 0.05.
Ctrl: Control; GM: Gentamicin; TCN: Tetracycline.
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Figure 3. Nanoparticle biofilm at day 14
The examples are stained with Con-A Alexa Fluor® 488 (A–C). (D–F) Unstained example.
(A & D) are transmitted light. (B & E) are Con-A. (C & F) are the corresponding overlays.
Each bar is 5 μm.
Con-A: Concanavalin A.

Schwartz et al. Page 14

Nanomedicine (Lond). Author manuscript; available in PMC 2011 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Nanoparticles stained with BacLight™ Green and examined by confocal laser scanning
microscopy
Two images were taken simultaneously: (A) using transmitted light and (B) using 488-nm
laser excitation. The overlay of the two images (C) shows that localization of the
fluorophore corresponds to the 3–5 mm structures seen by transmitted light. Images of
samples taken under identical acquisition settings are also shown for nanoparticles to which
no dye was applied ((D & H) control for nonspecific staining), hydroxyapatite crystals
maintained under culture conditions ((E & I) control for the interaction of calcium
phosphate with media proteins) and for Staphylococcus epidermidis ((F & J) positive
control for bacterial staining). Porcine vascular smooth muscle cells stained for F-actin with
Alexa Fluor® 647 phalloidin (G) but did not stain with BacLight Green ((K) negative
control for specific bacterial staining).
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Figure 5. Potential interactions among nanoparticles derived from pathogens, blood and
vascular tissue in progression of atherosclerotic plaque
Infectious burden is known to be associated with accelerated atherosclerotic processes and
nano- and/or microsized vesicles from pathogens or native cells could be retained in
homogenate preparations of the donor tissue used for NP culture. Pathogens could release
substances such as LPS, which activate cellular inflammation through binding to TLRs
(TLR4). This model explains the propagation of NPs from homogenates of some, but not all,
inflammatory aneurysms and explains the presence of multiple nucleic acid sequences of
common microbes in some, but not all, cultures of NPs.
LPS: Lipopolysaccharide; NP: Nanoparticle; TLR: Toll-like receptor.
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Table 1

Bacteria and fungi cultured from human abdominal aortic aneurysms*.

Male Female

Aspergillus 1

Bacillus 1

Bacillus (Gram negative) 1 1

Bacillus (Gram positive) 1

Bacteroides fragilis 1

Beauveria 1

Coccus resembeling Staphylococcus 6 1

Corynebacterium 1

Escherichia coli 4

Enterococcus 2

Geotrichum 1

Histoplasma capsulatum 1

Klebsiella oxytoca 1

Klebsiella pneumonia 2

Lactobacillus 1

Peptostreptococcus saccharolyticus 1

Propionibacterium acnes 3

Pseudomonas aeruginosa 1

Salmonella species 1

Serratia marcescens 1

Staphylococcus aureus 1 4

Staphylococcus, coagulase negative 16 3

Streptococcus 3

Streptococcus pneumoniae 1

Streptococcus virdans 2 2

Yeast 1

Numbers represent those showing positive cultures for each type of microbe. Some aneurysms were positive for multiple organisms.

*
Aneurysms were collected from 48 patients.
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