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ABSTRACT: Surface-associated microbial communities,
known as biofilms, pose significant challenges in clinical and
industrial settings. Micro-/nanoscale substratum surface
features have been shown to disrupt firm adhesion of
planktonic microbes to surfaces, thereby interfering with the
earliest stage of biofilm formation. However, the role of
geometry and size of surface features in microbial retention is
not completely understood. In this study, we developed a
biophysical model that describes the changes in the total free
energy (adhesion energy and stretching energy) of an adherent
Candida albicans cell on nanofiber-coated surfaces as a
function of the geometry (i.e., diameter) and configuration (i.e., interfiber spacing) of the surface features (i.e., nanofibers).
We then introduced a new nondimensional parameter, Π, to represent the ratio of cell rigidity to cell−substratum interfacial
energy. We show that the total free energy is a strong function of topographical feature size at higher Π and lower spacing values.
To confirm our biophysical model predictions, we performed 24 h dynamic retention assays and quantified cell attachment
number density on surfaces coated with highly ordered polystyrene nanofibers. We show that the total free energy of a single
adherent cell on a patterned surface is a key determinant of microbial retention on that surface. The cell attachment density trend
closely correlates with the predictions based on the adherent single-cell total energy. The nanofiber coating design (1.2 μm
diameter, 2 μm spacing) that maximized the total energy of the adherent cell resulted in the lowest microbial retention. We
further demonstrate the utility of our biophysical model by showing close correlation between the computed single-cell total free
energy and biofilm nucleation on fiber-coated urinary and central venous catheters of different materials. This biophysical model
could offer a powerful new paradigm in ab initio design of patterned surfaces for controlled biofilm growth for medical
applications and beyond.

KEYWORDS: microbial adhesion, microbial retention, adhesion model, stretching energy, biofilm, surface topography,
patterned surfaces

1. INTRODUCTION

Biofilm is a multicellular community of microbes embedded in
a matrix of extracellular polymeric substance with increased
resistance to antimicrobials and immune system.1,2 Biofilm
formation on surfaces adversely affects function in a variety of
applications, including food processing,3 wastewater treatment,4

industrial vessels and pipes,5,6 and medical implants and
devices.7,8 In particular, biofilm formation on medical devices
is responsible for a substantial portion of the healthcare-
associated infections, which cause approximately 100 000
deaths and an estimated $28−$45 billion in added healthcare
costs per annum.9

Given the long-standing challenges of biofilm eradication,
biocidal, and antiadhesion coatings that inhibit biofilm
formation a priori are continuously being explored.10 These
surface modification strategies aim to disrupt the ability of
planktonic microbes to firmly adhere to surfaces, thereby
interfering with the earliest stage of biofilm formation. One

such strategy is based on modification of surface topography to
make surfaces unfavorable for microbial adhesion. It has been
widely demonstrated that micro-/nanoscale surface topography
influences microbial attachment,11−15 biofilm formation16,17

(for comprehensive reviews of the role of surface topography
and other characteristics in microbial retention and biofilm
formation, refer to refs 18−22), and even viability.23,24 The role
of surface structure geometry, dimensions, and configuration on
microbial retention is only partially understood, and a
quantitative framework that enables ab initio design of surface
patterns that optimally inhibits microbial adhesion is currently
lacking. Development of such a theoretical framework can offer
a powerful new paradigm in antifouling biomaterial design and
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significantly enhance the current tedious and iterative design
process by refining the experimental design space.
In the past, several approaches have been used to model

early-stage reversible microbial adhesion. Perhaps the most well
known is the Derjaguin−Landau−Verwey−Overbeek (DLVO)
theory of colloid stability, which has been extended to microbial
adhesion. The DLVO theory describes the cell−substratum
interactions as a balance of long-range Lifshitz−van der Waals
interactions and electrostatic double-layer interactions.25 The
DLVO theory can qualitatively explain the influence of the
ionic strength of the culture medium26,27 and the substratum
charge density28,29 but cannot explain the experimentally
measured forces in high ionic strength or high pH media
wherein the hydration force is significant.30,31 The extended
DLVO (XDLVO) theory was established to include the short-
range Lewis acid−base interaction from hydrogen bonding at
the microbial−substratum interface. Compared to the DLVO
theory, the XDLVO theory has been shown to more accurately
predict microbial adhesion behaviors.32−34 Surface thermody-
namic-based approaches have also been developed to model
microbial adhesion by describing the cell−substratum inter-
actions in terms of the adhesion free energy (ΔGad).

35−37

Adhesion is considered to be energetically favorable for ΔGad <
0 and unfavorable for ΔGad > 0, although it has been shown
that the adhesion may occur even under energetically
unfavorable conditions.38 All of the aforementioned models
treat microorganisms as rigid particles without considering the
stretching and deformation of the cell and the associated energy
change. The cell wall stretching can be significant for
microorganisms with relatively low stiffness (e.g., yeast) or in
the presence of closely spaced and high aspect ratio micro-/
nanoscale surface patterns. For instance, significant deformation
and stretching of the cell wall are believed to be responsible for
the antimicrobial activity of nanopatterns on the cicada wing
surface.23,24 Thus, the energy changes due to both adhesion and
cell wall stretching must be included in modeling microbial
adhesion on micro-/nanopatterned surfaces, nonetheless, the
role of the stretching energy on cell adhesion has been rarely
explored.
It should be noted that none of the classical theories are

capable of describing the adhesion outcome for all conditions,
and the development of a comprehensive adhesion model
remains a matter of active research.38,39 Our goal here is more
focused, however. We hypothesize that the total free energy of
a single adherent cell is a key determinant of the microbial
retention density outcome on patterned surfaces. If proven, the
patterned surface on which the adherent cell’s total energy is
the highest (i.e., least favorable for cell attachment), will have
the lowest cell attachment density. To test this hypothesis, we
developed a biophysical model that describes changes in the
total energy (adhesion and stretching energy) of an adherent
cell as a function of the material, geometry, size, and spatial
configuration of the surface structures, as well as the cell size
and the biophysical properties of the cell wall. We used this
model to calculate the change in the total energy of Candida
albicans yeast (model fungal pathogen, morphology: round,
diameter: 4.2 μm) adherent to nanofiber-coated surfaces with
uniform fiber diameter and spacing. We theoretically investigate
the effect of nanofiber diameter, spacing, and material on the
change in the total energy of C. albicans adherent cells.
We then fabricated polystyrene (PS) nanofiber-coated PS

substrata and conducted experiments to quantify the cell
attachment density for varying fiber diameters at prescribed

spacing. We show that the trend for attachment density of C.
albicans on nanofiber-coated substrata of varying diameters
closely correlates with our theoretical quantification of the
adherent single-cell total free energy. Furthermore, we
demonstrate the utility of this experimentally validated model
in ab initio biomaterial design by showing the correlation
between the single-cell total free energy calculated from the
biophysical model and the biofilm nucleation outcome on fiber-
coated urinary and central venous catheters of different
materials.

2. EXPERIMENTAL SECTION
2.1. Biophysical Model of Cell Adhesion on Patterned

Surfaces. C. albicans grows either as unicellular yeast or in
filamentous pseudohyphal and hyphal forms (Figure S1). C. albicans
biofilm formation begins with adherence of its yeast form to surfaces,
which form a basal layer, followed by growth and proliferation of yeast,
pseudohyphal, and hyphal cells.40−42 As a result, our C. albicans early-
stage adherence model was developed and demonstrated for the yeast
morphology of C. albicans. We hypothesize that the total energy of the
yeast cell at the early-stage of adherence, which can be highly regulated
by the substratum surface topography, dictates the microbial
attachment density outcome. To test this hypothesis, we first
developed a biophysical model of the adhesion of C. albicans yeasts
to nanofiber-coated surfaces. The total change in energy (ΔEtot) of an
adherent cell relative to its planktonic state is comprised the changes in
the adhesion energy (ΔEad, energy change due to the adhesion of the
cell to the substratum), the stretching energy (ΔEstr, energy change
due to the stretching of the cell wall), and the bending energy (ΔEc,
energy change due to changes in the cell wall curvatures)43−46

Δ = Δ + Δ + ΔE E E Etot ad str c (1)

The bending energy change (ΔEc) was not considered in this study
because the ΔEc value was found to be negligible compared to ΔEad
(see Supporting Information Section 2).45 Upon contact with a
substratum, if ΔEtot > 0, it is energetically unfavorable for the cell to
adhere on the surface, whereas if ΔEtot < 0, it is energetically favorable
for the cell to attach. The lower the total energy in the adherent state
(relative to the planktonic state), the higher the probability of a cell
remaining adherent on the surface.

Nonspecific interactions (e.g., van der Waals, electrostatic, and
acid−base interactions) between the cell wall and the substratum
govern the early-stage cell adhesion on abiotic surfaces,42 thus specific
adhesion (e.g., by adhesins47) is ignored in this model. ΔEad is defined
as the surface integral of the work of adhesion (wad) over the cell−
substratum contact area (Aad)

∮Δ = −E w Adad ad ad (2)

Assuming homogeneous cell surface conditions, eq 2 is simplified to

Δ = −E w Aad ad ad (3)

The value of wad is determined through experimental measurement of
the dispersive (γcell

d , γs
d) and polar (γcell

p , γs
p) components of the surface

energies of the C. albicans yeast (denoted with subscript cell) and the
solid substratum (denoted with subscript s) in conjunction with the
equation below48,49

γ γ γ γ= +w 2 2ad cell
d

s
d

cell
p

s
p

(4)

An increase in the cell−substratum contact area (Aad) coincides with a
stretching of the cell wall and a corresponding change in the stretching
energy, ΔEstr, that can be calculated from the following equation50

Δ =
−

E k
A A

A
1
2

( )
str str

0
2

0 (5)

where kstr is the stretching modulus, A is the total surface area of the
stretched cell after adhesion, and A0 is the original cell surface area in
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the planktonic state, which can be approximated as a sphere with the
diameter of Dcell.
The stretching modulus was calculated from the following

equation51,52

=k Yhstr (6)

where Y is the average Young’s modulus of the cell wall and h is the
average cell wall thickness.
The relative total energy of the adherent cell can then be simplified

as

γ γ γ γ

Δ = Δ + Δ = − +
−

= − + +
−

E E E w A k
A A

A

A Yh
A A

A

1
2

( )

(2 2 )
1
2

( )

tot ad str ad ad str
0

2

0

cell
d

s
d

cell
p

s
p

ad
0

2

0 (7)

The unknown parameters in eq 7 are Aad and A. On the basis of the
experimental observations, we assume that the overall cell shape
remains spherical and any deformation is localized to the regions of
interaction with the underlying substratum. Volume change was
considered negligible due to presence of a cell wall in C. albicans and
lack of significant change in osmotic pressure.53 For each cell
centroid−fiber centerline separation distance (Δx, shown in Figure 1),
with the aforementioned shape and volume constraints, we calculated
ΔEtot for every combination of the geometric parameters (Figure 1 and
Supporting Information Section 3) in a physically meaningful range
(e.g., 0 < α < π, 0 < β < π, ρ > 0). The geometry of the cell that yielded
the minimum ΔEtot was computed using an optimization routine (see
Supporting Information for computational details).
2.2. Nanofiber Deposition. A 0.125 mm polystyrene (PS) sheet

(Goodfellow Cambridge Ltd., Huntington, U.K.) was cut into 3 mm ×
15 mm rectangular pieces. The PS substrata were washed with 100%
ethanol, rinsed with deionized (DI) water, and air-dried. PS fibers with
uniform diameters (Dfiber = 0.5−2.0 μm, Figure S2) at edge-to-edge
spacing of 2.0 μm were deposited onto PS substrata using the
nonelectrospinning Spinneret-based Tunable Engineered Parameters
(STEP) technique.54−56 Briefly, PS (molecular weight: 2 × 106 g/mol,

Scientific Polymer Products, Ontario, NY) dissolved in xylene was
pumped through a glass micropipette to form a droplet. A continuous
fiber was extruded from the polymer solution droplet at the tip of the
micropipette, and was deposited onto a rotating polystyrene
substratum, which was mounted onto a stepper motor attached to a
motorized XYZ positioning stage. The rotational speed of the motor
and the translational speed of the stage determined the edge-to-edge
spacing between the fibers. The diameter was controlled by changing
the diameter of the micropipette and the concentration of the polymer
in the PS−xylene solution. The polystyrene was dissolved in xylene at
14−25% by weight to achieve fiber diameters in the range of 500−
2000 nm. To maintain the 2.0 μm spacing across different diameter
samples, the linear velocity of the motorized stage was varied when
spinning each of the diameters. For the catheter experiments, latex
(Bard Medical, Covington, GA) and silicone (Rochester Medical,
Stewartville, MN) urinary catheters and polyurethane (PU) dog
femoral central vein catheter (SAI Infusion Technologies, Lake Villa,
IL) were cut to 15 mm long pieces and were used as substrata on
which 1.0−1.2 μm diameter fibers were deposited at the edge-to-edge
separation distance of 2.0 μm. Prior to all experiments, the diameter
and separation distances of the fibers were analyzed using an
environmental scanning electron microscope (ESEM, FEI Quanta
600 FEG, Hillsboro, OR) in low vacuum mode. Ten random areas
(magnification: 8000×) along the horizontal centerline of the fibrous
samples were imaged. Measurements of the diameter and separation
distances were done using the image analysis software ImageJ.

2.3. Cell Culture. C. albicans was selected due to its prevalence in
urinary tract infection.41,57 Wild-type C. albicans strain SC531458

(ATCC MYA2876, American Type Culture Collection, Manassas, VA)
was grown on a Sabouraud dextrose agar (SDA) plate at 37 °C for 24
h. Several (3−5) colonies from the plate were inoculated into 10 mL
of yeast nitrogen base with 50 mM dextrose (YNBD) medium, and the
suspension was shaken at 37 °C and 150 rpm for 24 h.

2.4. Dynamic Retention Assay. All retention assays were
performed in a Center for Disease Control (CDC) biofilm reactor
(model CBR-90-2, Figure S3) according to the previously established
methods.59,60 Prior to all experiments, the nanofiber-coated substrata

Figure 1. Relative total energy (ΔEtot) of a C. albicans yeast cell interacting with a single fiber vs cell−fiber center distance (Δx) for (a) 0.5−1.0 μm
(Dfiber ≤ Dcrit) and (b) 1.5−2.0 μm (Dfiber > Dcrit). In this case, wad = 77 mJ/m2, kstr = 416 mN/m, and Dcrit = 1.2 μm. The cartoons show cell shape
(and relevant geometrical parameters) in the cases of Dfiber ≤ Dcrit and Dfiber > Dcrit. Fibers are shown in blue and cells are outlined in red. For
comparison ΔEtot(unmodified) = −1.3 × 10−5 erg.
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were sterilized under ultraviolet light inside a biological safety cabinet
for 45 min and were conditioned by soaking in fetal bovine serum
overnight at 37 °C. The substrata were then mounted onto the
bioreactor rods. Each rod held triplicate samples of the same fiber
diameter. C. albicans culture, grown in YNBD at 37 °C and 150 rpm
for 24 h, was diluted to OD520 = 0.385 (∼1 × 107 CFU/mL) in YNBD
medium. Subsequently, 8 mL of the diluted culture and 392 mL of
YNBD medium were mixed and added to the CDC biofilm reactor.
The bioreactor was placed on a magnetic stir plate inside an incubator
at 80 rpm and 37 °C for 24 h. To determine the number of viable cells
on each sample, the bioreactor rods were carefully taken out and the
substrata were removed using a pair of fine tipped tweezers. The
substrata were then each rinsed and placed inside 15 mL
polypropylene test tubes, containing 10 mL of Sabouraud dextrose
broth (SDB). The cells adhered to the samples were removed by
consecutive sonication (42 kHz, 70 W) and vortex mixing at 1000
rpm, for 30 s each, repeated three times. The resulting cell suspension
was serially diluted in SDB, and a 100 μL aliquot from the final
dilution was spread on SDA plates using sterile cell spreaders. The
plates were incubated at 37 °C for 24 h, and the number of colonies
was counted. The colony counts from the nanofiber-coated substrata
were compared to the unmodified (control) substrata from the same
experiment by taking the ratio of the number of cells on the nanofiber-
coated surface of each diameter and dividing it by the number of cells
on the surface of the unmodified substratum from the same
experiment. This makes the ratio on unmodified surface equal to 1,
anything below 1 indicated a decrease in the adhesion of cells (relative
to the control), and anything above indicates an increase.
2.5. Scanning Electron Microscopy. After the 24 h experiment

in the bioreactor, selected samples were gently washed in phosphate-
buffered saline (PBS) and then placed in 2.5% glutaraldehyde in PBS
for 2 h at 4 °C. Subsequently, the samples were soaked in PBS for 20
min twice and then in DI water for 20 min twice. The samples were
then serially dehydrated by soaking in 35, 50, 75, and 95% ethanol for
30 min each and in 100% ethanol for 3 × 30 min. The 100% ethanol
was pipetted out, and the samples were air-dried overnight. The air-
dried samples were gold coated prior to scanning electron microscopy
(SEM) imaging.
2.6. Contact Angle Measurement and Surface Energy

Calculation. Contact angle measurements were performed to
estimate the surface energy of C. albicans yeast.61 After 24 h of
growth, the yeast culture was harvested, washed twice by
centrifugation, and suspended in DI water. The yeast cells were then
collected on a nitrocellulose membrane filter (0.22 μm pores,
Millipore) to a density of 108 cells/mm2 to form a dense yeast film.
The filters were placed on a microscope glass slide with double-side
tape and dried in a desiccator until stable contact angles can be
measured.37 Contact angles of two polar liquids (DI water,
formamide) and one apolar liquid (diiodomethane) were measured
by depositing only one liquid droplet in the center of each yeast film.
Time-lapse images at 1 frame/s were recorded upon the deposition of
the liquid droplet. The contact angles were measured using the images
that depicted the initial placement of each drop on the yeast film. A
minimum of three independent measurements were conducted for
each probe liquid.
Contact angle measurements were also performed to determine the

surface energy of the PS substratum material and PS material used in

fiber manufacturing. The PS substratum was cut to 10 mm × 10 mm
pieces, and the PS fiber material was solution cast on a microscope
glass slide to a final thickness of 100 μm. The PS substratum and the
cast PS thin film were cleaned with ethanol and DI water and air-dried
overnight prior to contact angle measurements. Contact angles of DI
water, formamide, and diiodomethane on the PS substratum and cast
PS thin film were measured by depositing one liquid drop at the center
of each substratum. A minimum of three independent measurements
were conducted for each substratum and each probe liquid.

A glass cuvette was treated by hexamethyldisilazane vapor to ensure
a hydrophobic surface. The glass cuvette was filled with DI water,
formamide, or diiodomethane. The latex and silicone urinary catheters
and the PU central vein catheter were cut to 10 mm long pieces and
rinsed with ethanol and DI water and dried overnight. The catheter
pieces were vertically inserted into the liquid, and the contact angles
between the liquid and the catheter walls were measured. A minimum
of three independent measurements were conducted for each catheter
type and each probe liquid.

The solid−liquid (γSL) surface energy, the solid−vapor (γSV) surface
energy, and the dispersive and polar components of the solid surface
energy (γS

d and γS
p, respectively) can be determined from the measured

contact angle (θ) and the known values of the dispersive (γL
d) and

polar (γL
p) components of the probe liquid surface energy (γLV), using

eqs 8 through 11

γ γ γ γ γ γ γ= + − −2( ) 2( )SL SV LV S
d

L
d 1/2

S
p

L
p 1/2

(8)

γ γ γ θ= + cosSV SL LV (9)

γ γ γ= +SV S
d

S
p

(10)

γ γ γ= +LV L
d

L
p

(11)

In practice, this is accomplished by combining the preceding equations
to fit the slope−intercept form of the equation of a line48

γ θ γ γ γ γ γ+ = +(1 cos )/2( ) ( ) ( / ) ( )LV L
d 1/2

S
p 1/2

L
p

L
d 1/2

S
d 1/2

(12)

With the left side of eq 12 plotted against (γL
p/γL

d)1/2, the slope is
(γS

p)1/2 and the intercept is (γS
d)1/2. For each solid surface, we analyzed

the contact angle measurement results for each of the three probe
liquids and plotted a best-fit line through the data to determine the
slope and intercept and hence the dispersive (γS

d) and polar
components (γS

p) of the solid surface energy.
2.7. Statistical Analysis. The one-way analysis of variance

(ANOVA) and Fisher’s least significant difference test were conducted
for statistical analysis. All analyses were conducted using Origin 9.0
(OriginLab, Northampton, MA). To determine the statistical
significance, the threshold for the p value was set at 0.05. The error
bars for all experimental data represent the standard deviations.

3. RESULTS
3.1. Biophysical Modeling Results. We first analyzed the

simplest case, wherein a cell only interacts with one PS fiber on
a PS substratum. As shown in Figure 1, the relative total energy
of the cell, ΔEtot, varies with fiber diameter, Dfiber, as well as

Table 1. Contact Angles (θ), Surface Energies (γd, γp, and γ), and Work of Adhesion (wad) of Yeast, PS Substratum, PS Fiber
Material, PU Catheter, Latex Catheter, and Silicone Catheter

contact angle (θ, deg)

water formamide diiodomethane γd (mJ/m2) γp (mJ/m2) γ (mJ/m2) wad with yeast (mJ/m2)

C. albicans yeast 56.4 ± 7.9 59.5 ± 8.4 37.4 ± 6.8 28.3 ± 6.9 17.8 ± 5.4 46.1 ± 8.8
PS substratum 88.8 ± 1.0 60.9 ± 1.4 22.9 ± 1.9 44.0 ± 2.0 0.6 ± 0.2 44.6 ± 2.0 77.3
PS fiber material 82.7 ± 0.6 66.7 ± 2.3 26.0 ± 1.5 37.5 ± 4.4 2.4 ± 1.1 39.9 ± 4.5 78.3
PU catheter 82.3 ± 0.2 64.0 ± 3.7 80.3 ± 1.8 15.1 ± 1.3 11.3 ± 1.1 26.4 ± 1.7 69.7
latex catheter 110 ± 3 89.2 ± 0.5 90.0 ± 0.6 13.2 ± 1.0 1.1 ± 0.3 14.3 ± 1.0 47.5
silicone catheter 113 ± 2 104 ± 1 90.4 ± 0.8 10.3 ± 0.8 0.9 ± 0.2 11.2 ± 0.8 42.1
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location of the cell centroid with respect to the fiber centerline,
denoted as Δx. From microscopy images of planktonic C.
albicans yeast cells, the average diameter of the cell, Dcell, was
measured to be 4.2 ± 1.2 μm (N = 235). For Δx = 0, when the
cell is adhered to a fiber with diameter smaller than that of the
critical fiber diameter, Dcrit, the cell can wrap around the fiber
and contact the underlying substratum (Figure 1a). However,
when adhered to a fiber with diameter larger than Dcrit, the cell
will not contact the underlying substratum (Figure 1b). The
magnitude of Dcrit depends on the properties of the cell and the
substratum. Young’s modulus of C. albicans yeast cell was taken
to be 1.6 MPa and the average cell wall thickness was taken to
be 260 nm, as previously reported in the literature.62,63 Using
these values, the stretching modulus of the cell, kstr, was
determined from eq 6 to be 416 mN/m. Work of adhesion
(wad) between the yeast cell and PS was calculated from eq 4 to
be wad = 77.3 mJ/m2 for interaction with the PS substratum and
wad = 78.3 mJ/m2 for interaction with the PS fiber (Table 1).
For the aforementioned kstr and wad values, Dcrit was determined
to be 1.2 μm. For the case Dfiber ≤ Dcrit, ΔEtot has only one
minimum, which is a function of fiber diameter and occurs in
the range of Δx = 2.2−2.4 μm (Figure 1a). For Dfiber > Dcrit,
ΔEtot has two local minima, one at Δx = 0 and the other is a
function of fiber diameter and occurs at Δx = 1.6−2.1 μm
(Figure 1b).
After analyzing the case of a cell interacting with a single

fiber, the model was extended to a cell interacting with two
fibers when the fiber edge-to-edge spacing (S) is smaller than
the cell diameter (Dcell). ΔEtot of one cell interacting with two
fibers was calculated from ΔEtot of a cell interacting with each
of the two fibers separately, with the assumption that cell
deformation caused by a fiber is confined to the vicinity of the
fiber and is much smaller than the overall cell surface area
change (see Supporting Information Section 3.4). For a given
fiber diameter and spacing, ΔEtot of the cell varies with its
location relative to the fibers. We define the spatially averaged
ΔEtot (denoted as ΔEtot) as the average total energy of an
adherent cell over all possible cell−fiber distance values for the
patterned surface. Each patterned surface (with nanofiber
coating of a particular diameter and a particular separation
distance) is represented by its corresponding ΔEtot. We assume
that the possibility of a cell initially contacting the patterned

substratum is equal in every location, so ΔEtot is calculated as
(see Supporting Information Section 3.5)

∑Δ = Δ
=

E
N

E i
1

( )
i

N

tot
1

tot
(13)

for a sufficiently large number, N, of equal area increments,
where ΔEtot(i) is the total energy of the cell adherent to the
patterned surface at a position with the distance of the cell
centroid and one fiber centerline of Δx(i), for 0 ≤ Δx(i) ≤ S +
Dfiber (see Figure S3.8).
The nondimensionalized results of the analysis are shown in

Figure 2. To generalize the results to different cell sizes, we
normalized the fiber diameter and spacing to the cell diameter
(i.e., Dfiber/Dcell, S/Dcell). Furthermore, a new nondimensional
parameter Π was introduced to represent ratio of the stretching
modulus (a measure of the cell wall stiffness) to the work of
adhesion (a measure of the interaction between the cell wall
and the substratum).

Π = k w/str ad (14)

We then quantified the effect of nanofiber coating diameter and
spacing on the spatially averaged total energy of the cell
attached on nanofiber-coated substrata and normalized it by the
total energy of the cell adhered on the unmodified substratum
Δ ΔE E( / (unmodified))tot tot . A v a l u e o f

Δ Δ <E E/ (unmodified) 1tot tot indicates that, on average, the
cell on the patterned surface had a less negative value for ΔEtot
than does on an unmodified surface and thus the patterned
surface is less favorable for adhesion. This assertion is
consistent with earlier reports on the influence of surface
energy modification on bacterial adhesion. For instance, Liu et
al. showed that the number of cell colonies attached to the
surface decreased with increasing the total interaction energy.64

As shown in Figure 2, the spatially averaged normalized total
energy has one minimum value. For instance, when Π = 5.0 and
S/Dcell = 0.48, the spatially averaged normalized total energy
reaches its minimum value at Dfiber/Dcell = 0.29. In this case, the
magnitude of the ΔEtot is 15% less than the ΔEtot(unmodified);
thus, this nanofiber-coated surface is less favorable for adhesion,
compared with the unmodified surface. For a given range of
Dfiber/Dcell, the curvature at the minimum point is a strong
function of the Π value but it also depends on S/Dcell. For a

Figure 2. (a) Schematics of a C. albicans yeast cell on a nanofiber-coated substratum. Fibers are outlined in blue and the cell is outlined in red. (b)
Normalized spatially averaged total energy Δ ΔE E( / (unmodified))tot tot of a C. albicans yeast cell on nanofiber-coated substrata vs normalized fiber
diameter (Dfiber/Dcell) for Π = 3.5, 5.0, and 6.5, and normalized edge-to-edge fiber spacing of S/Dcell = 0.48 and (c) S/Dcell = 0.96.
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fixed S/Dcell, the normalized total energy is more sensitive to
changes of Dfiber/Dcell at higher Π values. A higher Π value
physically represents either a stiffer cell wall (higher kstr) or a
lower cell−substratum adhesion strength (lower wad). This
indicates that stiffer cells or cells with weaker adhesion are more
sensitive to changes in the surface feature size (i.e., fiber
diameter). For a fixed Π, the change of the normalized total
energy is more significant at a smaller S/Dcell because the
nanofiber density (number of nanofibers per unit surface area)
is higher in this case.
3.2. Experimental Validation with PS Nanofiber-

Coated PS Substrata. As shown in Table 1, contact angles
of the C. albicans yeast film, PS substratum, and PS fiber
material with water, formamide, and diiodomethane were
measured. From the contact angle measurements and eq 12,
surface energy (γ) values and their corresponding dispersive
(γd) and polar (γp) components were calculated. Work of
adhesion (wad) between the yeast cell and the relevant material
was calculated from eq 4.
Using the calculated wad for PS substratum and kstr = 416

mN/m values, Π is calculated to be 5.4. For this Π value and a
fiber spacing of S = 2 μm (S/Dcell = 0.48), the normalized total
energy has a minimum value at Dfiber/Dcell = 0.29 (Figure 3a),
suggesting an optimal fiber diameter of 1.2 μm for minimizing
C. albicans adhesion.
To examine the relation between the single-cell total free

energy (Figure 3a) and population-scale cell attachment
density, we next conducted a dynamic retention assay on
fiber-coated substrata where the fiber spacing was fixed at S/
Dcell = 0.48 and the Dfiber/Dcell was varied in the range of 0.12−
0.48. The cell attachment density on fiber-coated surfaces was
normalized to the cell attachment density on the unmodified
surface and plotted against Dfiber/Dcell (Figure 3b). The fiber
diameters were divided into three different groups (Dfiber/Dcell =
0.12−0.24, 0.24−0.36, and 0.36−0.48), and the normalized cell
attachment densities were averaged in each group. The average

normalized cell attachment density for the three groups are
1.09 ± 0.38 (N = 26), 0.74 ± 0.28 (N = 31), and 1.47 ± 0.59
(N = 23), respectively. A one-way ANOVA test demonstrated
significant differences between the groups (Figure 3b). The
SEM images of the substrata (shown in Figure 3c) after the
experiment displayed the difference in cell attachment density
between the unmodified surface, 1.2 μm fiber-coated surface
(Dfiber/Dcell = 0.29), and 2.0 μm fiber-coated surface (Dfiber/Dcell
= 0.48). The experimental results confirmed our hypothesis
that the total free energy of a single adherent cell on a patterned
surface is indicative of the microbial attachment density on the
surface. Furthermore, it reaffirmed the model’s predicted
behavior that only a specific range of fiber diameters could
reduce the cell attachment density, whereas other fiber
diameters increased it. This is because when the fiber diameters
are either too small or too large, the cell’s total energy decreases
as it utilizes the fiber to increase the adhesion area (reduce
ΔEad) with minimal stretching (no significant increase in ΔEstr,
Figure S4).

3.3. Experimental Validation with PS Nanofiber-
Coated Catheters. To further investigate the practical
applicability of our biophysical model, the effect of PS nanofiber
coating on the density of cell attachment to the catheters was
explored. Commercially available latex and silicone urinary
catheters and PU femoral central vein catheter were used in this
study. Contact angles of these catheter materials with water,
formamide, and diiodomethane were first measured (Table 1).
From these contact angle measurements, γd, γp, and γ were
calculated using eq 12. The values for the work of adhesion, wad,
between the yeast cell and the PU and latex and silicone
catheters were calculated to be 69.7, 47.5, and 42.1 mJ/m2,
respectively. As described in the previous section, wad between
the yeast cell and the PS fiber material is 78.3 mJ/m2 and kstr of
the cell wall is 416 mN/m. The simulation results for the
s p a t i a l l y a v e r a g e d n o rm a l i z e d t o t a l e n e r g y
Δ ΔE E( / (unmodified))tot tot against the nondimensional fiber

Figure 3. (a) Δ ΔE E/ (unmodified)tot tot vs Dfiber/Dcell for fiber edge-to-edge spacing of 2.0 μm (S/Dcell = 0.48). (b) Normalized cell attachment
density (relative to the attachment density on the unmodified substratum) vs Dfiber/Dcell at S/Dcell =0.48 (N = 80). Comparison of normalized cell
attachment density for fiber groups of Dfiber/Dcell = 0.12−0.24, 0.24−0.36, and 0.36−0.48; ****p value < 0.0001, **p value < 0.01. (c) SEM images
of C. albicans on unmodified Dfiber = 1.2 μm and Dfiber = 2.0 μm fiber-coated substrata. All scale bars are 50 μm.
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diameter (Dfiber/Dcell) at S/Dcell = 0.48 for the PU and latex and
silicone catheters coated with PS fibers are shown in Figure 4a.
Only the PU catheter has a region of Dfiber/Dcell values that
results in a total energy that is less favorable for adhesion,
c omp a r e d w i t h t h e u nmod i fi e d PU c a t h e t e r
Δ Δ <E E( / (unmodified) 1)tot tot . On the other hand, both the
treated latex and silicone catheters have total energy values that
are more favorable for adhesion with the deposited PS
nanofibers for all Dfiber/Dcell. This is because wad for the PS
fiber (78.3 mJ/m2) is closer to wad for the PU (69.7 mJ/m2)
catheter but much higher than that of the latex (47.5 mJ/m2)
and silicone (42.1 mJ/m2) catheters. As a result, only for the PS
nanofiber-coated PU catheter in the range of Dfiber/Dcell =
0.12−0.38, the change in the stretching energy due to the
surface patterns dominated the higher wad and yielded
Δ Δ <E E/ (unmodified) 1tot tot . There is a minimum for the
spatially averaged normalized total energy in the Dfiber/Dcell
region of 0.24−0.29, which corresponds to fiber diameters of
1.0−1.2 μm.
To experimentally validate the model predictions, PS fibers

with diameters of 1.0−1.2 μm (Dfiber/Dcell = 0.24−0.29) were
deposited on the PU and latex and silicone catheter surfaces
using the STEP technique and a dynamic retention assay was
conducted for unmodified and nanofiber-coated catheters. As
shown in Figure 4b, the cell attachment density normalized by
the respective unmodified surface attachment density is 0.77 ±
0.20 for the PU catheter, 1.22 ± 0.22 for the latex catheter, and
1.25 ± 0.19 for the silicone catheter. Thus, the experimental
results are in agreement with the predictions from the model.

Combined together, our findings show that deposition of PS
fibers is only effective in mitigating cell attachment on the PU
catheter; however, introducing PS nanofibers onto the latex and
silicone catheters increases the cell attachment density because
the introduction of fibers increases the work of adhesion
between the cell and the substratum. The SEM images in
Figure 4c show the cell attachment density in the presence and
absence of the fiber coating on the different catheters.

4. DISCUSSION

The biophysical model developed herein utilizes a description
of the total energy (adhesion energy and stretching energy) of a
single adherent C. albicans yeast cell to predict the effect of
nanofiber coating on the cell attachment density. Results from
the model show that for a given cell size and biophysical
properties, patterning a surface with nanofibers can increase or
decrease the cell attachment density, depending on the
substratum and fiber materials as well as the fiber diameter
and spacing. For example, depositing fibers made of a material
that causes a significant increase in wad (decrease in ΔEad) will
lead to a reduced total energy of the adherent cell and increased
cell attachment density (e.g., depositing PS fibers on latex or
silicone catheters, as shown in Figure 4b). Even when
depositing fibers of the same material as the substratum (e.g.,
depositing PS fibers on PS substratum), not all fiber diameters
will increase the total energy and mitigate cell attachment
(Figure 3). In the application of depositing nanofibers on
catheter surfaces, if the fiber material is the same as the catheter
material (e.g., depositing PU fibers on the PU catheter), the

Figure 4. (a) Simulation results for Δ ΔE E/ (unmodified)tot tot vs Dfiber/Dcell for PU and latex and silicone catheters coated with PS nanofibers at S/
Dcell = 0.48. (b) Normalized cell attachment density for PU and latex and silicone catheters coated with 1.0−1.2 μm fibers (Dfiber/Dcell = 0.24−0.29
and S/Dcell = 0.48), N = 12, 10, and 11, respectively, ****p value < 0.0001. (c) SEM images of C. albicans on unmodified and nanofiber-patterned
catheters. All scale bars are 50 μm.
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effect of the pattern geometry will be more pronounced (Figure
5). As shown in Figure 2, the normalized total energy is more

sensitive to changes of Dfiber/Dcell at higher Π values. Silicone
has the lowest wad (Table 1) and therefore the highest Π value
(Π = kstr/wad = 9.9). As a result, the minimum normalized total
e n e r g y f o r s i l i c o n e i s t h e l o w e s t ( i . e . ,
Δ Δ =E E/ (unmodified) 0.61tot tot at Dfiber/Dcell = 0.24−0.26
for S/Dcell = 0.48). When designing nanostructure-modified
surfaces, the surface energy of the material comprising the
nanostructures should be as low as possible. For a given coating
material, our biophysical model can predict the optimal feature
size (e.g., nanofiber diameter) and configuration (fiber spacing)
that would minimize Δ ΔE E/ (unmodified)tot tot to ensure the
best antiadhesion effect. This biophysical model can be
extended to other nanostructures with development of
appropriate geometrical relations (similar to those developed
in the Supporting Information Section 3). Furthermore,
because this model is generalized through the use of
nondimensional parameters, it can be applied to other
microorganisms and substrata with experimentally measured
kstr, wad, and surface energy values.

5. CONCLUSIONS
We have developed and experimentally validated a biophysical
model for the adhesion of the model fungal pathogen, C.
albicans, on nanofiber-coated surfaces and quantified the total
energy (adhesion energy and stretching energy) of the adherent
cell as a function of the geometry (i.e., diameter) and
configuration (i.e., spacing) of the nanofibers. A dynamic
retention assay of C. albicans on PS fiber-coated PS substrata
was conducted to validate our hypothesis that the adherent cell
total energy trend is predictive of the cell attachment density
trend. We show that the surface pattern design that yielded the
highest total energy, results in the lowest cell attachment
density. Guided by our biophysical model, we patterned PU
and latex and silicone catheters with PS fibers and
demonstrated good agreement between the model and the
experiment. This biophysical model in conjunction with the
nondimensional parameters developed in this study can be
extended to other nanostructures, microorganisms, and
substratum materials for efficient ab initio biomaterial design,
either to decrease pathogenic microbial adhesion density or
increase beneficial microbial adhesion density.
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