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Abstract

Integral to the production of safe and biocompatible medical devices is to determine the interfacial
properties that affect or control strong biofilm adhesion. The laser spallation technique has recently emerged
as an advantageous method to quantify biofilm adhesion across candidate biomedical surfaces. However,
there is a possibility that membrane tension is a factor that contributes to the stress required to separate
biofilm and substrate. In that case, the stress amplitude, controlled by laser fluence, that initiates biofilm
rupture would vary systematically with location on the biofilm. Film rupture, also known as spallation,
occurs when film material is ejected during stress wave loading. In order to determine effects of membrane
tension, we present a protocol that measures spall size with increasing laser fluence (variable fluence) and
with respect to distance from the biofilm centroid (iso-fluence). Streptococcus mutans biofilms on titanium
substrates serves as our model system. A total of 185 biofilm loading locations are analyzed in this study.
We demonstrate that biofilm spall size increases monotonically with laser fluence and apply our procedure
to failure of non-biological films. In iso-fluence experiments, no correlation is found between biofilm spall
size and loading location, thus providing evidence that membrane tension does not play a dominant role in
biofilm adhesion measurements. We recommend our procedure as a straightforward method to determine
membrane effects in the measurement of adhesion of biological films on substrate surfaces via the laser

spallation technique.
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1. Introduction

Biofilms are thin coatings of bacteria that are encased in a gel-like material called extracellular polymeric
substances, or EPS [1, 2]. The EPS is excreted from bacteria, and its mechanical properties are affected by
many factors including nutrients in the environment, shear forces, and temperature [3-5]. The EPS
contributes to the high adhesion strength of biofilms [6-8], which allows bacteria to thrive in a multitude of
environments and often causes detrimental effects on the surfaces they inhabit. For example, bacterial
biofilm formation on medical implants increases a patient’s risk of serious infection [9]. Among these
devices are hip and knee implants [10], dental implants [11-13], artificial pacemakers [14], and fluid shunts
[15], as well as non-permanent devices such as intravenous catheters [16], ventilators [17], and contact
lenses and cases [18, 19]. By preventing the initial adhesion of biofilms to medical devices, the chance of
associated bacterial infections will decrease dramatically [9]. Therefore, the study of biofilm adhesion to

medical device substrates greatly benefits the medical community.

Several experimental methods have been developed to determine biofilm adhesion including counting
methods [2, 20], atomic force microscopy [6], shear flow [21], and others [22, 23]. Key disadvantages of
macroscale techniques such as shear flow are that the biofilm can respond to the force applied before
adhesion can be measured and that multiple locations along the biofilm-substrate interface cannot be
probed. The laser spallation technique was recently adapted to overcome these disadvantages by rapidly
applying (within nanoseconds) a high amplitude stress wave, at multiple locations, on a single biofilm-
substrate sample [24]. The laser spallation process begins with a substrate coated with a film for which an
adhesion measurement is desired — in this case, a biofilm coating on a medical device surface. A single
laser pulse impinges upon the uncoated side of the substrate, where the light energy is absorbed, confined,
and transferred as a compressive stress wave that propagates toward the film coated side of the substrate.
Once the stress wave arrives at the free surface, it reflects toward the interface in tension. If the magnitude
of the tensile stress is greater than the adhesion strength of the coating-substrate interface, a portion of the

coating is ejected in a process called spallation. The hole that remains in the coating after the film is ejected
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is referred to as the spallation region. The spallation region varies based on the laser loading fluence (energy
per unit area), and the coating composition or growth conditions. For example, several authors [25-29]
report a larger spall size at higher fluences when compared with the same coating loaded at lower fluences,
though no systematic study has been presented. It has also been qualitatively shown that a loaded film with
low adhesion strength would result in a larger spall size than that of a high adhesion strength film loaded at

the same fluence.

Laser spallation has been implemented to measure adhesion of various coatings including metallic [25, 30-
33] and polymeric [27, 29, 34] films, by obtaining the stress that causes film failure. The use of laser
spallation on biological films such as cells and bacteria is a relatively newer field [35-37], thus these
methods must be carefully examined to determine the validity of the measurements. Biofilms have the
potential to exhibit membrane tension, a phenomenon that could influence adhesion measurements
depending on the location at which a measurement is recorded. Membrane tension arises from the theory
that a biofilm experiences a homeostatic tension that changes in amplitude with respect to distance from an
edge. For example, on a membrane such as a drum, tension is higher at the edges than in the center. Because
techniques like shear flow preclude probing multiple areas of the same biofilm, the influence of membrane
tension on macroscale adhesion measurements has not been possible [14, 38]. The laser spallation technique
enables the measurement of multiple locations across the entire biofilm and can determine the influence of

membrane tension on adhesion measurements.

In this study, we provide the first systematic study of spallation region size with respect to location for
biofilms on substrates. Streptococcus mutans is chosen as the model biofilm due to its promotion of other
pathogenic bacteria and its presence in failing dental implants [39] and titanium is chosen because titanium
and its alloys are the most widely used materials in structural implants [40-43]. The methods described in
this paper can be employed by other investigators to deconvolute location bias due to membrane tension

within biological films or edge effects for synthetic films during laser spallation testing.
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2. Materials and methods

2.1 Substrate assembly

Glass slides (3”x17x1.1 mm) coated one side with titanium (100 nm) and the opposite side with aluminum
(300 nm) (Deposition Research Lab, Inc.) are cut into 3 approximately square pieces (1”°x1”"). The substrate
is cleaned with a solution of 70% methanol in water and lens paper. Each square of substrate is placed on
a spincoater (Specialty Coating Systems: Spincoat G3P-8) and the aluminum side is coated with
approximately 2 mL of aqueous sodium silicate, or waterglass (Fisher Scientific). The spincoater ramps to
3000 RPM over 5 seconds, dwells for 40 seconds, and ramps to 0 RPM over 10 seconds, resulting in a
waterglass thickness of 5 wum. The coated substrate is attached with silicone sealant (Dowsil 732) to the
bottom of a petri dish (diameter 35 mm) to completely seal a hole (diameter 25 mm), which is cut into the
bottom of the dish. The titanium-coated side faces upward in the dish so that the biofilm is grown on the
titanium surface. The adhesive dries for at least 12 hours before adding media to the dishes. An example of
a completed substrate assembly is shown in Fig. 1a and a substrate assembly with biofilm growth is shown

in Fig. 1b.

Fig. 1. Photographs of (a) complete substrate assembly and (b) assembly with biofilm grown on the titanium surface.

Both dishes are 35 mm in diameter with a hole of 25 mm in diameter.
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2.2 Biofilm growth

THY broth (5 mL) is inoculated with frozen S. mutans stock in a 15 mL centrifuge tube. The inoculation is

cultured in a water bath at 37°C for 24 hours. The mixture is diluted with additional THY, then vortex-

mixed to dislodge bacteria attached to the bottom of the centrifuge tube. The final mixture has an optical
density of 0.7 measured by a Thermo Scientific Genesys 30 Visible Spectrophotometer. In a separate 15
mL centrifuge tube, 0.75 mL of a 2 M sucrose solution is added to 15 mL of THY. Each substrate assembly
is filled with 1 mL of S. mutans inoculum and 3 mL of the sucrose and THY mixture. The final concentration
of sucrose in each dish is 75 mM. Sucrose aids in formation of EPS and the sucrose solution chosen for this

study yielded the strongest adhesion rate when compared to four other sucrose concentrations [24]. The

inoculated dishes are placed in an incubator at (37°C) for 24 hours. After a day of growth, biofilms form on

the titanium surface and the remaining liquid is gently aspirated to avoid disturbing the biofilm. To measure
thickness, the biofilms are dyed with Syto9 (Thermo Fisher Scientific) and imaged using a Zeiss LSM 880
upright multiphoton microscope. The z stack is processed using a commercially available biofilm analysis

plugin (IMaris). Biofilm thickness is approximately 21.5 um with a standard deviation of 2.3 pm.

2.3. Loading via laser-induced stress waves

The laser spallation setup consists of an Nd:YAG pulsed laser (A = 1064 nm), a variable attenuator, a
focusing lens, and an angled mirror (Fig. 2). The Nd:YAG emiits a single pulse, which passes through the

variable attenuator (Newport VA-BB series) to adjust the energy of each pulse. The pulse diameter is

controlled by a focusing lens and the pulse is reflected upwards by a 45° angled mirror. Each substrate

assembly is placed on a level sample holder that is oriented so that the pulse hits the bottom of the substrate,
the waterglass layer, first. The waterglass acts as a confining layer, which amplifies the stress wave
generated by impingement upon the aluminum layer [33]. The compressive stress wave is reflected as a
tensile wave through the substrate and biofilm and, if the stress wave is of sufficient magnitude, causes the
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biofilm layer to spall or eject from the titanium surface. The spall size is dependent on both the growth
medium and the final loading fluence (energy per unit area), but the maximum spall size is equal to the
pulse spot size, which is set at a diameter of 2.2 mm for these experiments. Each biofilm is loaded multiple
times in a 4 mm spaced grid pattern across the area of the biofilm by adjustment of micrometer-controlled
translation stages (Thor Labs). Two distinct studies are performed: an iso-fluence study, in which each
biofilm is loaded at a consistent fluence, and a variable fluence study, in which each biofilm is loaded
multiple times at different fluences. The fluence values used to load the biofilms for the iso-fluence study
are 55.6 mJ/mm?and 79.4 mJ/mm?Z. In previous studies on S. mutans biofilms, both fluence values resulted
in consistent rates of spallation, which allows facile spall size measurement [24]. For the variable fluence
study, 6 biofilms are loaded at fluence values of 15.9 mJ/mm?, 23.8 mJ/mm?, 31.8 mJ/mm?, 39.7 mJ/mm?,
55.6 mJ/mm?, and 79.4 mJ/mm? resulting in a total of 69 loading locations. By testing over a large range of

fluences, we are able to capture the onset of spallation.

Expanded View [] |__ 35 mm Dish Substrate Assembly
Spalled Biofilm
. — Biofilm
Adhesive Titanium
Glass )
Waterglass l l Aluminum
— I\
Nd:YAG Pulsed Laser (A=1064 nm) @ - -
Variable Attenuator Focusing Lens Mirror

Fig. 2. Schematic of components in the laser spallation setup. An expanded view of the substrate assembly is shown.

2.4. Spall size measurement

After loading, each spallation region is imaged with an Olympus SZ61 stereo microscope with an LC micro
camera attachment, then analyzed in ImageJ [44]. In ImageJ, each image is converted from color to
grayscale (Fig. 3ab), then a threshold is applied to locate the darkest pixels in the image (Fig. 3c). The
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image colors are inverted by converting to binary, and all the black pixels are selected (Fig. 3d), and the
area of pixels is measured. The area is then converted into the percentage of possible spallation area, and
that value is recorded. The image analysis process is shown in Fig. 3. and is performed for all 185 biofilm

spallation regions included in this study.

Fig. 3. Process of spall size measurement on a region loaded at a fluence of 79.4 mJ/mm?: (a) raw optical image, (b)
image is converted to 8-bit, (c) threshold is applied to locate darkest pixels, (d) image is converted to binary, and area
of dark pixels is measured. The area measured is 2.81 mm?, which corresponds to 73% of the possible spallation area.

Scale bar is 1 mm.

A significant number of laser spallation studies incorporate images of film failure by stress wave loading
[24-29]. The sequence of images indicates an increase in spall size with each increment in laser fluence,
however, this trend has not been previously quantified. To demonstrate applicability of our approach to
analyze spallation images for synthetic films, we apply our procedure to failure of several films provided
to us from two prior spallation studies: gold films transfer printed onto functionalized silicon substrates (55
loaded regions) [25], sol-gel films fabricated with a Pt/Ti superlayer to impart higher tensile stresses to
cause spallation (4 loaded regions) [27]. The image analysis protocol outlined above is performed with the
donated images from previous studies and the trend of spall size increase is presented alongside results

from this biofilm study.
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2.5. Distance from spallation region to biofilm centroid

Biofilms loaded at iso-fluence are analyzed to compare the resultant spall areas as a function of loading
location. An image of the entire biofilm region within the field of view is obtained with a digital microscope
camera (DinoLite Edge) with DinoCapture software. The biofilm is allowed to partially dry before the full
image is taken to reduce glare. An example of a loaded and partially dried biofilm is shown in Fig. 4. In
Imagel, the circular outline is traced using a circle tool, and the center coordinates of the circle are recorded.
Next, the coordinates of each spallation region are recorded. The distance from each spallation region to
the center of the circle is calculated and recorded. Fig. 4 consists of a biofilm with 13 loaded regions, four
of which are shaded in cyan. The spall size for each region is (1) 0.01 mm? (2) 2.08 mm? (3) 2.08 mm? and
(4) 2.09 mm’. The cyan circle around region (1) represents the maximum spallation region: a 2.2 mm
diameter circle. A very small spall size is measured at region (1), which results from the small number of
black pixels measured within the loading region. The cyan cross at the center of each spallation region
marks the centroid of each region. The distance between each region (cyan cross) and the centroid (yellow
cross) is (1) 7.15 mm (2) 6.77 mm (3) 6.12 mm and (4) 6.56 mm. This procedure is repeated across 5
biofilms at a fluence of 55.6 mJ/mm? and 5 biofilms at a fluence of 79.4 mJ/mm? for a total of 116 loaded

regions.
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Fig. 4. Optical image of a biofilm with 13 spallation regions loaded at a fluence of 79.4 mJ/mm?. The circular opening
has a diameter of 25 mm, outlined in yellow with a cross at the center. Cyan regions correspond to example spallation
regions, and dashed lines correspond to the distance between each spallation region and center. Areas of the selected

regions are as follows: (1) 0.01 mm? (2) 2.08 mm? (3) 2.08 mm? (4) 2.09 mm>. The distance of each region to the

centroid of the biofilm is also measured: @ 7.15 mm @ 6.77 mm @ 6.12 mm @ 6.56 mm. The scale bar measures

5 mm.

3. Results

3.1. Average spall size increases with increased laser fluence

The onset of film failure manifests differently depending on the type of film that is loaded. Fig. 5 depicts
the typical film failure progression for S. mutans biofilms, gold films, and sol-gel films. Failure for gold
and sol-gel films begins by delamination from the substrate and “wrinkling” of the films. We hypothesize
this “wrinkling” occurs at the onset of spallation for high-cohesive strength films. However, biofilms are a
low-cohesive film, and the onset of failure is characterized by spallation of the bacteria without apparent

“wrinkling” in the film. The failure region is more concentric for biofilms, and increases in size at increasing
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laser fluence. Failure for gold and sol-gel films evolves from wrinkling into film spallation at higher
fluences, but the failure region is more irregular, due to the rupture of the films. As fluence continues to
increase, all films exhibit spallation and an increase in spallation region size until the spall size reaches the
diameter of the loading pulse. The maximum spallation region is equal to the loading pulse spot size. Thus,

spall size is presented as a percent of possible spallation area based on the laser spot size.

Average and standard deviation of spall size is calculated for gold films, sol-gel films, and biofilms. The
onset of spallation occurs at a different fluence for each film. At relatively low laser fluences, less than 40
mJ/mm?, biofilm rupture is infrequent and average spall size is markedly small. Spall size of biofilms
increases monotonically with increasing laser fluence from 15.9 to 79.4 mJ/mm?. The gold and sol gel films
were tested at different fluence ranges, 12.6 mJ/mm? to 55.2 mJ/mm? and 88.2 mJ/mm? to 137.3 mJ/mm?,
respectively. Because of different test fluence ranges, the graph shown in Fig. 6 is normalized, for all films,
to the initial fluence tested. It is important to note that the fluence values do not indicate which films exhibit
greater adhesion. Interface stress is reliant on film-substrate properties including film thickness, density,
and modulus of elasticity in addition to laser fluence. The gold films, sol-gel films, and biofilms exhibit a
range of 0.73- 70.6%, 0-25.4%, and 0-45.1% of total spallation region failure over their respective fluence
ranges. The normalized trend illuminates the similar failure modes found in the gold and sol-gel films. Both
films initiate with film wrinkling and the measured spall size is very small. As fluence increases, wrinkling
evolves into film rupture and spall size increases. However, film failure in biofilms is initiated directly by

spallation and not a precursory “wrinkling” phenomenon.
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Fig. 5. Optical images of failure progression in different films. (a-d) Depict failure of S. mutans biofilm cultured with
75 mM of sucrose, as fluence increases from 15.9 mJ/mm? to 79.4 mJ/mm?, the scale bar represents 500 um, (e-h)
depicts failure progression for transfer printed gold film coated silicon substrate, from 9.99 mJ/mm? to 24.1 mJ/mm?,
the scale bar represents 500 pum, and (i-1) depicts the failure progression for sol-gel thin films coated in Pt/Ti superlayer

from 88.2 mJ/mm? to 137.3 mJ/mm?, the scale bar represents 250 pm.
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Fig. 6. Scatter plots of percent spallation areas vs the normalized fluence applied to each film. The red triangles depict
the statistics for the gold film (data from [25]), the yellow squares indicate the sol-gel film (data from [27]), and the
blue circles indicate the failure for the biofilms tested. All of the films show a monotonically increasing relationship

as fluence increases.

3.2 Spall area is independent of distance from centroid

During iso-fluence experiments, biofilms from 10 substrate assemblies are loaded 10-13 times each at either
a laser fluence of 55.6 mJ/mm? or 79.4 mJ/mm?. A total of 116 spallation regions are analyzed, which
corresponds to 55 regions loaded at laser fluence 55.6 mJ/mm? and 61 regions loaded at 79.4 mJ/mm?. A
histogram of all spall size measurements for biofilms loaded at either fluence is shown in Fig. 7. The
average and standard deviation of spall size for biofilms loaded at 55.6 mJ/mm? is 1.19 £ 0.38 mm? (31.2%
of possible spall size) and for biofilms loaded at 79.4 mJ/mm? is 1.69 + 0.65 mm? (44.4% of possible spall
size). Spall size approximately follows a standard normal distribution for both fluence values. On average,
an increase in laser fluence by 43% increases the spall size by approximately the same percentage, 42%. A
two-sample Student’s t-test confirms independence of the two populations of fluence data with respect to

spall size. The p-value is less than 0.0001, and thus is significant at that level.
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Fig. 7. Histogram of percentage of possible spallation area for fluence of 55.6 mJ/mm? (black bars) and 79.4 mJ/mm?

(gray bars).

On each biofilm, the centroid is located following image analysis protocol outlined in Section 2.5. The spall
size in percent of possible spallation area is plotted with respect to distance from loading region to biofilm
centroid in Fig. 8. The correlation between the two variables is measured using the Pearson correlation
coefficient (PCC) method, which is advised for determining the relationship between two normally
distributed variables [45]. The coefficients measured are p = -0.0994 and p = -0.0933 for biofilms loaded
at 55.6 mJ/mm? and at 79.4 mJ/mm?, respectively. The negative value for each coefficient indicates a slight
negative relationship between the two variables. However, both PCC values fall within the 0.00 — 0.30
range, which Mukaka indicates as a negligible linear correlation [45]. In contrast with these values, the
PCC between loading fluence and respective spall size is p = 0.6132, which indicates a moderate positive
correlation. The PCC was calculated using the linear portion of biofilm data shown in Fig. 6. Data for
regions loaded at a fluence below 30 mJ/mm?” were excluded to include only non-zero values for spall size.
The number of loading locations at each loading distance is approximately constant except for within the

first 2 mm from the biofilm centroid. There are fewer locations available for testing close to the center when
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compared to the number of locations available further from the center. It is a spatial limitation due to the 4

x 4 mm? spacing of the loading locations.
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Fig. 8. Scatter plots of percent spallation area with respect to their location on the sample for loading fluence of (a)

55.6 mJ/mm? and (b) 79.4 mJ/mm?.

4. Discussion

After initial adhesion failure, an increase in laser fluence during variable fluence experiments is found to
lead to a ubiquitous increase in spall size across three films: biofilms, gold films, and sol-gel films. The
failure of these films presents differently, the gold and sol-gel films exhibit rapid increase in spall area,
while biofilms require greater increases in fluence for similar increases in average failure area. Gold and
sol-gel films exhibit film failure first by wrinkling before eventual rupture. Wrinkling of the films resulted
in very small spall area values. For example, wrinkling in Fig. 5f and 5j indicate the film has delaminated
from the substrate, but the detected spall size is negligible. In contrast, biofilm failure presents as spallation
directly without film wrinkling (Fig. 5b), which lead to gradual increases in spall area with increases in
laser fluence. Wrinkling at the onset of failure of metallic films loaded by laser-induced stress waves is an
established phenomenon [33]. We hypothesize that the difference in failure mechanisms is associated with
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the cohesion of the film. High-cohesive films will tend to wrinkle at the onset of failure, while low-cohesive
films will directly spall. At higher fluences, all three films experience spallation and display a convergence
of film spallation regardless of film cohesion, which quantitatively confirms the trend identified in several

publications [25-29].

Iso-fluence experiments are new in spallation literature. Our method to link spall area with distance to
centroid is applied solely to our biofilms as this information was not available from the prior studies with
gold and sol-gel films. The mean spall size for biofilms loaded at 55.6 mJ/mm? is lower than that of biofilms
loaded at 794 mJ/mm?. Additionally, spall area measurements at each loading fluence are normally
distributed. The spread of spall sizes increased with increasing fluence, supporting the conclusion that
fluence is directly correlated to the respective spall size. However, the statistical variability in spall area is
quite large for biofilms. The range of areas loaded at 55.6 mJ/mm? (1% to 50%) is encompassed by the
range of areas loaded at 79.4 mJ/mm? (0% to 85%). This large variation is likely due to the inherent
variability in interface strength of the biofilms, which requires a higher number of tests to obtain statistical
power. Through analysis of 116 images of loaded biofilm regions, we found no notable correlation between
loading location and respective spall size for either loading fluence. The absolute value of PCCis less than
0.1 for both fluences, which indicates little to no relationship. Both loading fluences obtained similar PCC
values, providing evidence that there is negligible correlation between the variables regardless of fluence.

The slight negative correlation that appears to be present is attributed to biofilm heterogeneity.

5. Conclusions

In order to determine effects of biofilm membrane tension, we present a protocol that measures spall size
with increasing laser fluence (variable fluence) and with respect to distance from the biofilm centroid (iso-
fluence). Streptococcus mutans biofilms on titanium substrates are loaded via laser-induced stress waves
through the laser spallation technique. A total of 185 biofilm loading locations are analyzed in this study.

We demonstrate that biofilm spall size increases monotonically with laser fluence and apply our procedure
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to failure of non-biological films, which include gold films and sol-gel films. Different failure mechanisms
are present among the three films, however, monotonic increases in spall area with fluence is a consistent
trend across film types. Spall size measurements are dependent on the occurrence of film spallation. In
films that present with “wrinkling” ahead of spallation, little to no measurable spall size is possible at lower
loading fluences. This phenomenon deems adhesion strength measurements difficult through optical spall
size measurements alone. However, because biofilms present with spallation at the onset of film rupture,

the technique illustrated in this work is ideal for determining initial failure of biological films.

Because the laser spallation technique enables measurement of multiple locations across a biofilm, we can
now determine the influence of membrane tension on adhesion measurements through iso-fluence
experiments. We found no correlation between biofilm spall size and loading location, thus providing
evidence that membrane tension does not play a dominant role in biofilm adhesion measurements.
Furthermore, the methods described in this paper can be employed by other investigators to deconvolute
location bias due to membrane tension within biological films or edge effects for synthetic films during
laser spallation testing. We recommend our procedure as a straightforward method to determine membrane
effects in the measurement of adhesion of biological films on substrate surfaces via the laser spallation
technique. Preventing initial biofilm adhesion is a primary goal of new medical devices and having a

consistent method for testing adhesion strength at the substrate-biofilm interface is extremely valuable.
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