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Sexual dimorphism has been observed in many physiological and pathological responses, yet 
few studies incorporate both female and male experimental groups for preclinical work. For the 
development of biomaterial devices, in vitro studies are essential for design and optimization, and 
quantitative comparison of female and male cell migratory behavior is a crucial design consideration. 
In this work, we thoroughly examined sex-based migration on flat controls and aligned nanofiber 
scaffolds of various diameters using anomalous and random walk models. Male and female cells 
exhibited significantly different migration on flat substrates, with female cells having increased speed 
while male cells had higher persistence. Persistence increased with the introduction of aligned fiber 
topography for female cells, but only affected male cells on the highest fiber diameter. Speed along the 
axis of alignment differed between sexes on 1.2 and 1.8 µm fibers. Morphological analysis confirmed 
cell shape was a function of both sex and fiber size. These results provided critical information 
regarding sex-based cell migration, highlighting the importance of sex within in vitro studies for clinical 
device design.
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Sex-based differences at the biochemical and cellular levels have been widely recognized in several species1–4. 
Sex-dependent behaviors in both physiological and pathological responses, including immune response, drug 
efficacy, wound healing, neurodegeneration, and gene expression have also been documented5–8. Despite 
widespread knowledge of these differences, only ~ 10% of publications in tissue engineering and regenerative 
medicine in 2019 reported the use of both female and male subjects, obscuring biological behaviors that would 
advance understanding and expedite new biomaterial development and device innovation9. Specifically for the 
nervous system, clinical studies have corroborated sex-based differences in nervous system injuries such as 
stroke, traumatic brain injury, and brain disorganization10–12. Such sex-based differences in peripheral nerve 
injury and regeneration have been largely derived from in vivo animal studies13–15, with most studies focused 
on hormonal regulation or genetic differences following nerve injury16. These studies highlight that sex-based 
differences are likely discoverable in vitro, and thus, examination of these differences within early preclinical 
studies should be considered during the design and development of new devices.

The current state-of-the-art clinical repair technique for critical-size nerve gap injuries (~ 3–4  cm in 
humans) is the autologous graft17,18. However, this technique leads to donor site morbidity and the recovery of 
motor function occurs in less than 40% of cases19,20. As such, new devices to support regeneration after large 
transection injuries have emerged at the forefront of translational research efforts. FDA-approved single lumen 
conduits have been insufficient to address long-gap injuries, and therefore, various fillers, including collagen 
and collagen/glycosaminoglycan, are currently being used to increase the regenerative capacity of off-the-shelf 
designs21. Biodegradable synthetic polymers that encourage cell infiltration are particularly attractive for their 
ability to provide architectural support and scalable, translationally relevant manufacturing strategies without 
eliciting long-term immunological concerns22.

Preclinical studies for new synthetic materials for nerve regeneration have focused on axonal elongation23, as 
well as Schwann cell proliferation24 and migration25 in vitro. Although many external stimuli can influence cell 
migration and infiltration, substrate topography is a key element in the design of new devices and technology23,25. 
Nanofibers offer high surface-area-to-volume ratios that promote cell attachment and provide topological cues to 
enhance guidance and directionality of regenerating nerves26. Cavanaugh et al. previously showed that aligned, 
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touch-spun polycaprolactone (PCL) nanofibers directionally influenced individual Schwann cell migration by 
exploitation of contact guidance, limiting the direction of migration to the axis of fiber alignment25. However, 
only female rat cells and explants were studied.

In this study, migratory responses of both female and male Schwann cells on aligned touch-spun allyl-
functionalized poly(ε-caprolactone) (allyl-PCL) nanofibers were quantified. Female Schwann cells exhibited 
greater speeds and male cells had higher persistence on laminin-coated control substrates, revealing inherent 
sex-based differences. Cell morphologies, speeds, and migratory patterns further indicated response to fiber 
topographies was both sex and diameter dependent. These results reveal critical information regarding Schwann 
cell response to topography, promoting clinical nerve regenerative practices in both female and male hosts.

Materials
All materials used in this study are provided in the SI (see SI materials).

Methods
Polymerization and NMR characterization of allyl-functionalized poly(ε-caprolactone) (allyl-
PCL)
Mg(BHT)2(THF)2 and 6-allyl-ε-caprolactone were synthesized as described previously (Figs S1,  S3 and S4)27,28. 
In a glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm), a solution of Mg(BHT)2(THF)2 (catalyst, 2.96 g, 4.86 mmol) and 
isopropanol (initiator, 0.97 mmol, 0.002 eq.) was dissolved in dry toluene (8 mL). This mixture was subsequently 
added to ε-caprolactone (41.63 g, 36.48 mmol) and 6-allyl-ε-caprolactone (18.75 g, 12.16 mmol) in dry toluene 
(350 mL) (Fig. S2). The vessel was sealed, removed from the glovebox, and left to stir for 5 h at 60 °C. The reaction 
was then quenched with trifluoroacetic acid (TFA) and the polymer was thrice precipitated into cold n-hexanes. 
The resulting polymer was dried in vacuo overnight, collected as a yellow/white solid, and analyzed via 1H NMR 
(500 MHz, CDCl3): δ = 5.87–5.80 (m, 1H, CH = CH2), 5.14–5.01 (m, 2H, CH = CH2), 4.3–4.22 (m, 1H, CH-O), 
2.69–2.56 (m, 2H, CH2–CO), 2.50–2.29 (m, 2H, CH2–CH =), 1.96–1.90 (m, 2H, CH2-CH), 1.62–1.53 (m, 2H, 
CH2) ppm (Fig. S5). Proton (1H) nuclear magnetic resonance (NMR) spectroscopy and 13C NMR spectroscopy 
were performed in CDCl3 on a Bruker Advance NEO at 500 MHz (23 °C) with a 5 mm iProbe.

Thermal (TGA and DSC) and molecular properties (SEC) characterization of allyl-
functionalized poly(ε-caprolactone) (allyl-PCL)
Thermogravimetric analysis (TGA) was performed on a TA Instruments Discovery TGA 550 (TA Instruments–
Waters L.L.C, New Castle, DE). Samples of 5–10 mg were loaded onto a platinum TGA pan and equilibrated at 
room temperature. The samples were heated to 120 °C at a ramp rate of 10 °C/min, held isothermally for 10 min, 
and finally heated to 800 °C at 10 °C/min. The degradation temperature (Td) was determined as the temperature 
at 5% mass loss. Differential scanning calorimetry (DSC) analysis was performed on a TA Instruments Discovery 
DSC 250. Samples of approximately 5 mg were loaded onto a hermetic aluminum DSC pan. The temperature 
range scanned was − 80–200 °C at a heating rate of 10 °C/min and a cooling rate of 5 °C/min. The crystallization 
temperature (Tc) was calculated as the peak height in the first cooling scan. To eliminate thermal history, the 
melt transition temperature (Tm) was determined as the peak temperature and the glass transition temperature 
(Tg) was determined as the midpoint of the transition in the second heating cycle. TGA and DSC plots are 
shown in Figs. S7 and S8: Td,5% = 265 °C, Tg = − 59 °C, Tc = − 4 °C, Tm = 37.5 °C. Size exclusion chromatography 
(SEC) analysis was performed on an EcoSEC HLC-8320GPC (Tosoh Bioscience LLC, King of Prussia, PA) with 
a TSKgel GMHHR-M mixed bed column, refractive index (RI) detector and poly(styrene) standards. Samples 
(2.5  mg/mL) were prepared with HPLC-grade chloroform (amylene-stabilized) for injection with a 0.5  mL/
min flow rate at 40 °C to determine molecular mass (Mn and Mw), and molecular mass distribution (ÐM). The 
SEC chromatogram is shown in Fig.  S6: Mn = 81.6 kDa, Mw = 114 kDa, ÐM = 1.40 (SEC CHCl3, based on PS 
standards).

Fabrication and diameter characterization of touch-spun aligned nanofibers
Allyl-PCL was dissolved in chloroform (25 w/w%) and the polymer solution was drawn into a glass syringe 
(1 mL), fixed to a blunt-end needle (18G), and loaded onto a syringe pump. Polymer was dispensed out of the 
syringe at a constant flow rate (5 µL/min) for all touch-spun substrates. Borosilicate coverslips were used as the 
collection plates. The syringe pump was positioned so that the tip of the needle was in tangential contact with the 
rotating, perpendicular rods connected to the rotating disk. An illustration of the touch-spinning setup is shown 
in Fig. 1A–D. The speed of the rotating disk was varied to yield different fiber diameters. Sputter coating was 
done using a Denton Desk V Sputter-Coater with gold at a coating rate of 1.39 nm/min for 300 s. The resulting 
fibers were sputter coated and imaged using SEM. Scanning electron microscopy (SEM) was performed on a 
Thermo Fisher Scientific Apreo S. Fiber diameter and directionality were characterized using the measurement 
function and directionality plugin of NIH FIJI29.

Substrate preparation and sterilization
Loctite silicone sealant was manually extruded through a plastic syringe to build walls around glass and fiber 
substrates and left to dry. The substrates were then affixed to a 4-well rectangular dish. Ethylene oxide (EtO) 
(Andersen Sterilizer, Haw River, NC) was used to sterilize the substrates via a 12 h sterilization cycle, followed 
by a 2 h aeration period. Sterilized substrates were then left for a minimum 72 h to allow residual EtO to diffuse 
out before migration experiments.
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Isolation and maintenance of primary Schwann cells
Primary Schwann cells were isolated from female and male adult (3–5 months) Sprague Dawley rat sciatic nerves 
that were recently sacrificed from IACUC approved protocols. As no work was performed on live animals, this 
protocol did not need IACUC approval. Cells dissociated from the sciatic nerves were cultured using isolation 
media on flasks coated with poly-L-lysine (1.5 µg/cm2)30. All cells used in experiments were less than passage 
5. The purity of the Schwann cells was verified via standard immunocytochemistry protocols. In short, samples 
were fixed with 4% (v/v) paraformaldehyde solution for 20 min, then permeabilized with 0.1% Triton X-100 for 
20 min. Samples were subsequently incubated in 1 mg/mL sodium borohydride in PBS for 10 min (2x), washed 
with PBS, and blocked with 10% (w/v) BSA for 1 h at ambient temperature. Samples were then washed once with 
1% (w/v) BSA and incubated in rabbit anti S-100β primary antibody (1:250 in 1% (w/v) BSA) at 4 °C overnight. 
Cells were then incubated in Alexa Fluor™ 488 (AF488) goat anti-rabbit secondary antibody (1:100 in 1% (w/v) 
BSA) for 1 h at ambient temperature, washed with PBS, and labeled using Hoechst 33342.

Schwann cell purity quantification
The purity of Schwann cells at low (≤ P2) and high passages (≥ P5) was assessed by seeding and culturing Schwann 
cells at 5000 cell/cm2 in a 24-well tissue culture plate for 24 h. Schwann cells were then fixed and labeled as 
specified above. Three biological replicates were used (N = 3) and three technical replicates were conducted for 
each biological replicate (n = 3). Cells were observed and imaged using fluorescence microscopy and 7 images 
were taken of each substrate for a total of 21 images per biological replicate. Total cells that were S100β+ relative 
to all nuclei labeled were counted in each to quantify purity.

Cell culture and characterization
Primary female and male Schwann cells were cultured in proliferation media and seeded at a density of 2500 
cells/cm2 in T25 flasks for general culturing. This seeding density was selected because previous research found 
cell–cell adhesions via cadherins were important in collective cellular locomotion31. N-cadherin is the primary 
receptor for intercellular adhesion between Schwann cells isolated from adult rat sciatic nerves, and the expression 

Fig. 1.  Touch-spinning was used to fabricate highly aligned nanofiber scaffolds of different diameters. In 
touch-spinning, a platform spins at a defined and tunable rate, allowing for a needle/rod to (A) come into 
contact with a droplet of the polymer solution, (B, C) draw the droplet into a fiber mechanically, and (D) 
collect the fiber on a stationary center substrate (i.e., coverslip). Middle row: Representative SEM images of 
touch-spun, aligned nanofibers of diameters (E) 0.9 (F) 1.2 (G) 1.8 µm are shown. The scale bar represents 
20 µm. (H) Fiber diameter as a function of spin rate. By increasing the spin rate of the rotating platform, fibers 
of smaller diameters were yielded. Significance was calculated using one-way ANOVA with Tukey as a post hoc 
test. Error bar: standard deviation. Bottom row: Fibers are highly aligned, with alignment distribution of (I) 0.9 
(J) 1.2 (K) 1.8 µm fiber scaffolds. Three independent polymer solutions were used for fabrication and diameter 
measurement (N = 3). At least 50 individual fibers (n) were measured (0.9 µm: n = 61; 1.2 µm: n = 60; 1.8 µm: 
n = 54) for each population.
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of N-cadherin increases with cell numbers above 10.5 × 106 Schwann cells/cm2 32. Therefore, culture was kept 
well below this threshold. Cell doubling time was calculated using a formula described previously30. Viability 
assays were additionally conducted using the LIVE/DEAD™ Viability/Cytotoxicity Assay Kit for mammalian 
cells from Invitrogen following the manufacturer protocol at the 24 h timepoint (Figs. S11 and S12).

Cell culture media formulations
Isolation media was specifically designed to act as a fibroblast inhibitor and contained DMEM D-valine, 
forskolin (5 µM), FBS (10% vol/vol), N2 supplement (1% vol/vol), L-glutamine (1x), and BPE (14.2 µg/mL)33. 
Proliferation media was identical to isolation media, except for the use of standard DMEM in place of DMEM 
D-valine. Seeding media contained DMEM and L-glutamine only. Migration media contained DMEM, FBS (10 
vol/vol%), and L-glutamine (1x).

Live cell labeling
Media was removed from flasks and cells were washed with HBSS with Ca2+ and Mg2+. For each T25 flask, 2 mL 
of 250 nM CellTracker™ Deep Red Dye in HBSS with Ca2+ and Mg2+ was added. Each flask was then incubated 
for 30 min, followed by a wash with HBSS without Ca2+ and Mg2+.

Cell seeding
Control glass substrates were coated with laminin (mouse EHS, 2 µg/mL) on a shaker at 37 °C for 2 h and washed 
once with PBS. Fiber substrates were soaked in DMEM under reduced pressure for 30 min to enhance wetting for 
cell adhesion. Labeled cells were removed from flasks using trypsin (1x), counted, and resuspended in seeding 
media. All cells were seeded at a concentration of 10,000 cells/cm2 for 4 h to allow for cell adhesion. The media 
was then removed and the cells were washed once with migration media. Each substrate then received an aliquot 
of migration media (1 mL) and was covered with Breath-Easy film to ensure minimal media evaporation over 
the duration of the experiment. Substrates were place on the microscope to study cell migration.

Cell migration capture and tracking
Cell migration was recorded using the Zeiss Zen software by capturing an image every 15 min for 24 h on a Zeiss 
microscope equipped with a humidified and incubation module (5% CO2, 37 °C). A manual tracking plugin 
in NIH FIJI was used to track the movement of individual cell centroids34. For both female and male Schwann 
cells, at least 30 cells (n) were tracked per biological replicate. For each fiber diameter, three biological replicates 
(N = 3) were studied, resulting in at least 100 cells used for data analysis. To be included in data analysis, each 
cell must have displaced at least 100 µm from the initial position at any point during the 24 h experiment. This 
criterion was imposed to ensure cells were migrating as opposed to exhibiting membrane extension. In addition, 
any cell that physically contacted other cells or obstacles during the time-lapse migration was manually excluded 
from data collection. Cells that exited the imaging boundaries were also excluded.

Morphological analysis
After 24 h cell migration study, samples were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% 
Triton X-100 for 10  min, and quenched with 1  mg/mL sodium borohydride in PBS. Samples were blocked 
with 1 mg/mL BSA in PBS for 1 h at room temperature. To visualize actin filaments and nuclei, samples were 
then thrice washed with PBS for 5 min and incubated in a cocktail of AF488 phalloidin (1:200) and Hoechst 
33342 (1:500) for 1 h at ambient temperature. Three biological replicates (N = 3) and three technical replicates 
(n = 3) were utilized. Cells were observed and imaged using fluorescence microscopy and 7 images were taken 
of each substrate for a total of 21 images per biological replicate. To quantify the influence of topography to 
actin alignment, images (n = 21 per biological replicates) were analyzed using a previously described MATLAB 
method. This method utilized edge detection and statistical analysis to measure percent alignment ± 10° of 
each cell relative to nanofiber orientation (100% indicates perfect alignment)25,35. Morphologies of cell body 
and nucleus of each cell were manually traced in NIH FIJI. Average whole-cell aspect ratio (⟨AR⟩), nuclear 
eccentricity (⟨ER⟩) and angular positions of Schwann cells on each type of substrate were further calculated. 
Angular position of nuclei was subsequently plotted using a polar histogram program written in MATLAB36.

Considerations for Schwann cell migration data inclusion
Criteria was embedded in the analysis of cell migration to remove cells that impacted each other during the 
24 h tracking period. Previous studies have shown that cells seeded on nanofibers exhibit contact inhibition 
of locomotion after cell–cell contact, resulting in one of three responses: Type 1) both cells repolarizing and 
changing direction, Type 2) only one cell reversing, or Type 3) both cells exchanging positions37. Although cells 
that experienced Type 3 interactions maintained their original migratory directions before contact with another 
cell, their fluorescence signals merged to be indistinguishable upon interaction and thus could not be tracked 
accurately. Therefore, in this study, cells that experienced interactions of Types 1–3 were manually removed from 
analysis to focus on cell-substrate correlation. After selection based on the criteria noted, at least 30 individual 
moving cells per biological replicate (N = 3) were tracked and considered. As noted above, experiments were 
conducted in triplicate (n = 3) to yield at least 100 individually migrating cells for analysis of cell-substrate 
interactions.

Data analysis for migration
Each analysis begins with the x,y positional data from cells, after exclusions as noted above, or with the mean 
squared displacement.
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Mean squared displacement
The original position of each cell was defined as (0,0) and sequential positions (x, y) were recorded over time to 
plot migratory trajectories. Cell tracks were used to calculate mean-squared displacement (MSD) for overlapping 
intervals where x and y were the coordinates between time t and τ, the time lag, of each cell (Eq. 1).

	 MSD (τ) = ⟨[x (t − τ) − x (t)]2 + [y (t − τ) − y (t)]2⟩� (1)

τ = n Δt and n = 1,2, … 96, and Δt is the time step size (15 min). The ensemble average MSD and individual 
cell MSD were calculated using publicly available MATLAB code (msdanalyzer)38, and further details for the 
calculations of these parameters can be found in the reference.

Velocity and instantaneous speed
On glass substrates, directions of x and y were selected, and noted as parallel and perpendicular to match those 
subscripts with the fiber substrates. The velocity in both x (||) and y (⊥) were calculated at each interval for each 
cell. Velocity was then calculated as 

√
v2

x + v2
y  . Instantaneous speed was then calculated as the absolute value 

of instantaneous velocity. On the fiber substrates, the direction of fiber alignment was defined as the x-axis (0°). 
Biased velocity ⟨

−→
V∥⟩ (µm/min) is the average velocity of an individual cell at each 15 min interval over 24 h 

along the x-axis. In contrast, ⟨
−→
V⊥⟩ (µm/min) is the average perpendicular velocity of an individual cell at each 

15 min interval over 24 h. Speed in the x-axis is defined as the average absolute value of the velocity (⟨
∣∣∣−→V∥

∣∣∣⟩) of 

an individual cell at each 15 min interval and is denoted as ⟨S∥⟩ (µm/min). The average perpendicular speed 
is denoted as ⟨S⊥⟩(µm/min) and is defined similarly. The velocity vectors at each 15 min interval, denoted as 
⟨−→V ∥⟩and⟨−→V ⊥⟩, were also calculated (Fig. S15D and E).

Persistence ratio
Persistence ratio (PR), known also as cell directionality ratio, was defined as the ratio of the displacement 
between start and end positions normalized to the total path length traveled. PR of both sexes on all substrates 
was calculated to determine how and if cell migration persisted39.

Directional index
Directional index (DI) was defined as the ratio of the displacement in the positive x-direction between start and 
end positions normalized to the total path length traveled. If cells move in the negative x-direction, the DI would 
be negative. The average directional index (⟨DI⟩) of both sexes on flat substrates was calculated to determine if 
cell migration had any directional persistence in the positive x direction40.

Anomalous model
MSD curves were fitted and modeled to a logarithmic power law model, log⟨r2(τ)⟩ = log (Γτα), then fit with 
a linear formula, Γ + αlog(τ). The anomalous migration parameters were fit to the MSD curves for each cell 
using the first 25% of the overlapping time intervals (Fig. S19A). This percentage (25%) was utilized based on 
the publicly available code38 and many other references using the first 25% of the data. Any individual MSD 
curve with a goodness of fit (R2) (Fig. S19B), representing the quality of fit, of < 0.80 were excluded from the 
ensemble, as described previously38. For the anomalous model, the slope α of the linear formula (α parameter) 
was extracted and provided information regarding cell diffusion in migration (Fig. S19C). Subdiffusive behavior 
is indicated by 0 < α < 1, meaning motion is constrained. Random migration is indicated by α = 1, and 
superdiffusive behavior is indicated by 1 < α < 241.

Persistent random walk model
The first 50% MSD curves, as the time lag becomes highly dependent on the earlier lags, of each individual cell 
on flat control substrates was fit to the following equation (Eq. 2) using a public MATLAB code42:

	
MSD (τ) = 2S2P

(
τ − P

(
1 − e

−τ/P

))
+ 4σ2� (2)

using a non-linear least square method, with S as the cell speed (µm/min), P is persistence time (min), and 4σ2 
is positional error for each cell41,42. Goodness of fit (r2) of each cell was determined to examine the fitting quality 
of the persistent random walk (PRW) model. The average SPRW and PPRW for each group is displayed in Fig. S15A 
and B, and the goodness of the fit, displayed as r2, was determined as > 0.9 for all cell paths (Fig. S15C).

The autocorrelation function of cell velocity and probability density function of cell displacements were 
calculated using the same code from Wu et al.42. Due to the probability density function of cell displacements 
showing a skewedness for the male cells (Fig. S16A), speed and persistence time were also fit to the anisotropic 
model even for the controls on glass substrates. Similar to the results from the PRW, Sp and Snp was higher for the 
female cells than their respective speeds for the male cells (Fig. S16C) and persistence time in the primary axis 
(Pp) was higher for the male cells than the female cells (Fig. S16B).

While the PRW model is constrained by a Gaussian distribution of cell positions, neither female (Fig. S19D) 
nor male (Fig. S19E) Schwann cells displayed a normal probability distribution for displacement. A stable 
distribution was a better fit to the probability density function (Fig. S19D–E). Using Matlab® to fit the Lévy stable 
distribution, parameters were determined to be: male—alpha = 1.453, beta = 0.048, gamma = 17.116, delta = − 
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0.193; female—alpha = 1.328, beta =  − 0.025, gamma = 21.739, delta = 0.039. These parameters are within the 
ranges for a Lévy stable distribution where the stability parameter, alpha, is between 0 and 2, beta (the skewness 
parameter) is between − 1 and 1, gamma (the scale parameter) must be positive, and delta is the location 
parameter. Previous work has noted that Lévy walks are found in a variety of biological systems, including for 
predators and activated immune cells43,44.

Anisotropic persistent random walk model
For both sexes, the goodness of fit for the velocity autocorrelations on flat substrates to a single-exponential 
decay were generally low (r2 < 0.5), which rejected one of the key underlying assumptions of the PRW model41. 
Thus, an anisotropic persistent random walk (APRW) model was explored using a public MATLAB code42. 
Primary and non-primary migration directions of each cell were determined by the code. The first 50% primary 
and non-primary MSD of each cell was fitted to the APRW model using the following equations (Eqs. 3 and 4):

	
MSDp (τ) = S2

pPp

(
τ − Pp

(
1 − e

−τ/Pp

))
+ 2σ2

p � (3)

	
MSDnp (τ) = S2

npPnp

(
τ − Pnp

(
1 − e

−τ/Pnp

))
+ 2σ2

np� (4)

Sp and Snp are fit cell speeds (µm/min) and Pp and Pnp are fit persistence times (min) in the primary and non-
primary directions, respectively, and σp and σnp are position errors.

Statistical analysis
All experiments were conducted in triplicate (n = 3) or as noted otherwise. At least 100 individual cells sourced 
from three different groups of animals (N = 3) of each sex were analyzed for each experiment. To compare 
differences between sexes on flat substrates, a two-tailed unpaired t-test was used for postnatal days (Fig. S9), 
doubling time (Fig. S10), morphology parameters (percentage of actin alignment (Fig.  2B), whole-cell AR 
(Fig. 2C), nuclear ER (Fig. 2D)), and motility parameters (α parameter (Fig. 3E), persistence ratio (Fig.3F), speed 
(Fig.  4F), velocity (Fig.  4D), PRW and APRW-modeled speed and persistence time (Fig. S15 and S16)). To 
compare differences in motility and morphology parameters between sexes on fiber substrates, a two-way 
ANOVA test with Tukey as a post hoc test was used. Within each sex across fiber diameters, motility and 
morphology parameters were compared using one-way ANOVA test with Tukey as a post hoc test. To compare 
differences in MSD (Fig. 4B) and nuclear angle distribution (Fig. S14), 2-sample Kolmogorov–Smirnov test was 
used. All test methods were run with 95% confidence intervals (p < 0.05). To compare ensemble average MSD 
with time average MSD, ergodicity was calculated (Fig. S17). To compare methods of calculating an overall 
α, individual cell α and an α calculated by bootstrapping the ensemble average MSD were calculated for each 
sample and compared by unpaired t-tests (Fig. S18). Groups that were statistically different were marked with a 
solid line above the data. Groups that were not statistically different were left unmarked. Representative images 
of nuclei morphology and actin alignment of female and male Schwann cells were within the third quartile of 
quantification. All p values are reported within the Supporting Information (SI) (Tables S2 and S3).

Results and discussion
Synthesis and characterization of allyl-PCL
PCL is used widely in implantable medical devices, such as in vascular stents, films for tendon repair, and 
coatings for other degradable implants45–47. However, the hydrophobicity of PCL generally leads to poor 
cell attachment and minimal surface wettability48. Surface modification to introduce bioactive functionality 
or hydrophilic groups has often been necessary to enhance its integration and use28,48. In the present study, 
allyl-PCL was synthesized via a ring opening copolymerization of ε-caprolactone (75  mol%) and 6-allyl-ε-
caprolactone (AεCL) (25 mol%). The presence of the allyl groups facilitate post-fabrication functionalization 
with cell adhesive peptides via thiol-ene click chemistry and the extent of peptide functionality can be tuned 
by stoichiometric control of monomer feed ratios during synthesis28. The stoichiometry chosen afforded a high 
degree of functionality while maintaining the semi-crystalline nature of the PCL in order to form solid fibers 
that are stable at physiological temperatures.

Mg(BHT)2(THF)2 was chosen as the catalyst because its terminal oxidation product, magnesium oxide, is 
used as a food additive, and the chains maintain high end-group fidelity27. Isopropanol was used as the initiator, 
but can be substituted with a number of functional alcohols to allow for additional biorthogonal functionalization 
opportunities to the end-groups28. The copolymerization was complete in 5 h and yielded a high molecular mass 
(Mw = 114 kDa) and relatively narrow molecular mass distribution (ĐM ~ 1.40) copolymer (Fig. S6). The overall 
stoichiometry was confirmed by calculating the ratio between the integrations of the methine epsilon proton of 
AεCL and the methylene epsilon protons of ε-caprolactone (δ = 4.9 ppm and 4.1 ppm, respectively) (Fig. S5). 
Though the allyl-functionalities were not utilized in the present study, the introduction of such moieties was 
incorporated as proof-of-concept for future works that focus on fibers functionalized with bioactive peptides.

Touch-spun aligned nanofibers
PCL has been used widely in fibrous scaffolds for applications from drug delivery to tissue engineering49,50. 
The majority of these works utilize electrospinning for scaffold fabrication23,50. Production of aligned fibers via 
touch-spinning does not require the use of high-voltage electric fields to form liquid jets from a Taylor cone and 
instead relies on the mechanical drawing of fibers from concentrated polymer solutions (Fig. 1A–D)51. Touch-
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spun fibers exhibit increased Young’s moduli, E, when compared to electrospun counterparts due to a higher 
degree of stretch-induced crystallinity52. Using touch-spinning, nanofibers of different diameters were obtained 
by varying the rotational speed. Using a constant input flow rate of 5 µL/min (0.50 mg/mL polymer in CHCl3) 
and varying speeds of 1000, 2000, and 3000 rotations per minute (RPM), nanofiber substrates with diameters 
(0.88 ± 0.07 µm, 1.18 ± 0.10 µm, 1.78 ± 0.11 µm; referred as 0.9 µm, 1.2 µm and 1.8 µm fibers) were fabricated 
and confirmed by scanning electron microscopy (Fig. 1E–H). Angular distribution of fibers was measured and 
showed narrow ranges of − 10° to 10°, confirming a high degree of alignment (Fig. 1I–K).

Characterization of animal age and Schwann cell purity
In addition to sexual dimorphism, other factors, such as age, correlate to functional and morphological differences 
within cells53,54. Age of host has been known to influence neural cell function in mammalian animal models55–57. 
For example, Schwann cells from 24-month old mice exhibited an impairment of functional recovery after nerve 
injury when compared to 2-month old mice; the performance of nerve graft implants was a function of age of the 
transplant rather than age of the host58. Therefore, the ages of the animals used here were tracked and controlled. 
For each experiment, three experimental animal replicates were defined per sex, with each biological replicate 
including 4–6 sciatic nerves collected from 2–3 rats. No significant differences were found between average age 
of female (124 days; n = 3) and male (143 days; n = 3) rats used in the experiments (Fig. S9 ). In addition, the 
average doubling time of female (51 ± 14 h) and male Schwann cell groups (53 ± 16 h) at each passage were not 
statistically different (Fig. S10).

Fig. 2.  Schwann cell morphology was elongated on nanofibers. (A) Representative images of aligned actin 
filaments of male (left) and female (right) Schwann cells on (i) controls (ii) 0.9 µm (iii) 1.2 µm (iv) 1.8 µm 
diameter fibers. The direction of aligned fibers is indicated by the white arrow along the horizontal axis. 
Actin filaments (green) were labeled using phalloidin-Alexa Fluor 488 and the cell nuclei (blue) were labeled 
using Hoechst 33342. Scale bar: 50 µm. Images are of the closest data point to the mean in the third quartile 
of the violin plots. 7 images were taken of each substrate for a total of 21 images per biological replicate. (B) 
Percentage of actin alignment was measured using a MATLAB edge detection program35. No significant 
differences were found between female and male cells within any experimental condition. Values reported 
represent mean ± standard deviation, where 100% indicates perfect alignment. (C) Whole-cell aspect ratio (AR) 
of individual female and male Schwann cells was measured. Whole-cell AR of male cells was statistically higher 
than female cells on flat substrates, while female cells are higher than males on 0.9 µm and 1.8 µm fibers. (D) 
Nuclear eccentricity ratio (ER) of individual female and male Schwann cells was separately examined. ER of 
female cells on 1.8 µm fibers was statistically higher than male cells. Three biological replicates were completed 
per sex (N = 3), and greater than 40 individual cells (n) were measured (control: nmale = 144, nfemale = 68; 0.9 μm: 
nmale = 66, nfemale = 40; 1.2 μm: nmale = 103, nfemale = 63; 1.8 μm: nmale = 101, nfemale = 52). Statistical analyses were 
calculated using two-tailed unpaired t-test (control) and two-way ANOVA test with Tukey as a post hoc test 
(fiber). Error bar: standard deviation.
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Fibroblasts and Schwann cells account for over 65% of the total cell population within peripheral nerves, 
making them the two most abundant cell types when isolated from animal hosts59. However, proliferation rates 
of primary Schwann cells are relatively slow when compared to fibroblasts, meaning contamination by fibroblasts 
in Schwann cell culture can occur. D-valine-containing DMEM was used to selectively inhibit fibroblast 
proliferation; the expression of D-amino acid oxidase in Schwann cells allows for the conversion of D-valine 
to L-valine, an essential amino acid necessary for growth and survival33. Fibroblasts do not have D-amino acid 
oxidase and cannot metabolize the isoform, resulting in the elimination of fibroblasts in the population due to 
essential amino acid depletion33. To assess population purity, Schwann cells were labeled for S100β and counted. 
Purity was determined as the number of S100β+ cells divided by the number of total cells. All female and male 
Schwann cell replicate groups demonstrated an average purity exceeding 97% at both low (≤ P2) and high (≥ P5) 
passages (Table S1), indicating little to no fibroblast contamination.

Effects of sex and fiber diameter on cell morphology
Surface topography impacts cell morphology and studies have shown that anisotropic nanofiber structures 
induce cellular morphological changes that control cell migration60,61. To quantify effects of substrate topography 
on Schwann cell morphology, actin alignment, nucleus alignment, average whole-cell aspect ratio (⟨AR⟩), and 
average nuclear eccentricity ratio (⟨ER⟩) were used to describe cellular shape and polarization.

Cell orientation was examined by visualizing and quantifying F-actin filament and nucleus alignment to the 
nanofibers. As expected, only 25–30% of actin filaments on control surfaces were aligned at random for both 
female and male Schwann cells. When confined by fiber topography, cells were visibly aligned for both sexes in 
the direction of fibers (Fig. 2A). Actin alignment percentage increased to approximately 70–80% for both sexes 
on all fiber samples (Fig. 2B). No statistical difference between sexes were detected for actin alignment across 
fiber diameters. The angle of the nucleus with respect to the alignment of fibers was also examined (Figs. S13 and 
14). Nuclei of both sexes were randomly distributed between -90° and 90° (0° = perfect alignment of the nucleus 
in one axis) on flat surfaces. On fiber samples, nuclear angle distribution was confined to a much narrower range 
of − 10° to + 10°, where 0° was perfect alignment of the nucleus in fiber direction, demonstrating alignment 
was influenced by fiber orientation. These measurements indicated a significant effect on both cell and nucleus 
alignment due to the fibers, which agrees with previous research25,62.

In addition to alignment with the nanofibers, overall Schwann cell shape was investigated at both the whole 
cell and nucleus levels. On glass surfaces, Schwann cells have typically exhibited a bipolar morphology, where the 
cell body is elongated in the direction of a polarized long axis63. On glass surfaces used in this study, the ⟨AR⟩ 
of female and male Schwann cells was in agreement with other works, where ⟨AR⟩ was ≥ 2 (Fig. 2C)62,64. When 
Schwann cells were seeded on fibers, ⟨AR⟩ increased for both sexes on all fiber diameters. However, female 

Fig. 3.  Female and male Schwann cells possess inherent sex-based differences on flat laminin-coated 
substrates. (A) Sample cell path with cellular morphology at several times (t). Both path and cell shape 
are noted, with shapes shown from each hour of the capture. (B, C) Cell paths of female and male cells, 
respectively, are plotted over the course of the 24 h, with starting points centered at 0,0. (D) Ensemble average 
MSD curves on a log–log scale indicated significant differences in fit parameters each model. (E) According 
to the anomalous migration model, male cells exhibited a greater α parameter (α = 1.41 ± 0.24) than females 
(α = 1.32 ± 0.21), although both sexes were superdiffusive (1 < α < 2). (F) In addition, male cells persisted in 
one direction longer than female cells as calculated by PR, and (G) female Schwann cells had higher average 
instantaneous speeds than male Schwann cells (⟨S⟩female = 0.51 ± 0.31 µm/min; ⟨S⟩male = 0.33 ± 0.14 µm/min). 
Three biological replicates (N = 3) were completed per sex, where at least 100 individual cells were included 
(nmale = 113, nfemale = 121). Statistical analyses for the α parameters and average speeds were calculated using 
two-tailed unpaired t-test. Error bar: standard deviation.
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Schwann cells had significantly higher ⟨AR⟩ than male Schwann cells on 0.9 µm (p < 0.0001) and 1.8 µm fibers 
(female - 0.9 µm: 11.95 ± 11.30, 1.8 µm: 10.66 ± 7.31; male - 0.9 µm: 5.46 ± 3.28, 1.8 µm: 5.76 ± 3.49) (Fig. 2C). 
Surprisingly, no differences were found between female and male cells on 1.2 µm fibers (female - 5.34 ± 3.89; 
male  -  6.31 ± 4.03; p = 0.979). Thus, a diameter-dependent sex-based difference in cellular morphology was 
observed. Similar to whole-cell ⟨AR⟩, nuclear eccentricity ratio (⟨ER⟩) of both sexes increased on nanofibers 
compared to controls (females - control: 1.85 ± 0.45, 0.9 µm: 2.07 ± 0.35, 1.2 µm: 2.25 ± 0.68, 1.8 µm: 2.88 
± 0.95; males - control: 1.85 ± 0.41, 0.9 µm: 2.16 ± 0.56, 1.2 µm: 2.32 ± 0.57, 1.8 µm: 2.13 ± 0.52) (Fig. 2D). 
On the largest fiber diameters (1.8 µm), female and male Schwann cells exhibited statistically different ⟨ER⟩ 
compared to each other (p < 0.0001). No differences in ⟨ER⟩ between sexes were observed on 0.9 and 1.2 µm 
fibers. While male Schwann cells did not exhibit diameter-dependent changes in ⟨ER⟩, female cells did show 
differences across fiber sizes, with higher ⟨ER⟩ on 1.8 µm fibers. These results agreed with previous work that 
indicated nanofibers modulate cellular shape in a diameter-dependent manner25,65, with the additional finding 
of sex-based differences in both cellular and nucleus elongation on 1.8 µm fibers.

Innate sex-based migration differences
The deviations in the morphological responses suggested possible differences in cell migration between female 
and male cells66. Female and male Schwann cells were first tracked in vitro on a flat, laminin-coated glass substrate 

Fig. 4.  Schwann cell migration on fibers reduced sex-based differences. (A) Cells paths indicate the influence 
of aligned fibers, with migration primarily along the x-axis of fiber alignment. Columns are separated by fiber 
diameter, with male (i, iii and v) in black and female (ii, iv and vi) in pink. (B) MSD was calculated and the 
MSD curve for 1.8 µm fibers was lower for females compared to other fibers and controls, but males showed 
no differences. Each graph has the MSD for the appropriate fiber group and its flat control. (C) The fit of α 
for anomalous migration was found to increase over controls but showed no differences between the sexes. 
The increase in α for fibers indicated further increased persistence. Within each sex, α parameters statistically 
increased on fibers compared to flat substrates. (D) The velocity vector indicated that the movement was 
primarily in the x-direction, as expected, with cells moving back and forth along the fiber, averaging to a 0 
overall velocity. (E) The PR was again calculated for the fibers and while it increased from controls, minimal 
differences were found between the sexes except on 1.8 µm fibers, where male cells were more persistent than 
female cells. (F) The differences in speed (along fiber axis or x axis for controls) between sex was reduced 
with the addition of fibers at 0.9 µm, but the female cells showed increased speed with the larger fibers over 
male cells. Three biological replicates (N = 3) were completed per sex, where at least 100 individual cells 
were included (0.9 µm - nmale = 124, nfemale = 124; 1.2 µm - nmale = 138, nfemale = 134); 1.8 µm - nmale = 169, 
nfemale = 139). Statistical analyses were calculated using two-tailed unpaired t-test (control) and two-way 
ANOVA test with Tukey as a post hoc test (fiber). Error bar: standard deviation.
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(Fig. 3A–C), determining x,y position every 15 min over 24 h. From the cell paths, mean-squared displacement 
(MSD) curves were used as a metric to quantify cell motility in time-lapse migration42,67. From the MSD, the 
PRW model42 was fit for each cell on flat substrates, with results of ⟨SP RW ⟩male = 0.41 ± 0.33 µm/min and 
⟨SP RW ⟩female = 0.73 ± 0.64 µm/min (Fig. S15A), and persistence times of ⟨PP RW ⟩male = 97.4 ± 123.4 min 
and ⟨PP RW ⟩female= 49.9 ± 55.7  min (Fig. S15B), with high average r2 ~ 0.90 (Fig. S15C). In addition, the 
male cells had an elevated distribution along the 0-180º axis for the probability density distribution of angular 
displacements, indicating a preferred axis of migration (Fig. S16A)42. This result was not seen in female cells, 
which had an equal distribution of angular displacements.

The MSD versus time plots were transformed to a log–log scale (Fig. 3D) to assess anomalous migration 
parameters, where the slope of the curve (α parameter) gave information regarding randomness of migration, 
with Γ as the y-intercept (Fig. S19A). An α parameter of ~ 1 indicates random migration, while 1 < α  < 2 
indicates superdiffusive migration and α = 2 indicates perfectly directed movement25. The fit of the anomalous 
migration parameters was also excellent, with all included cells having an r2 fit of > 0.91 (Fig. S19B). Both female 
and male cells on flat substrates had mean α parameters greater than 1, but male Schwann cells were observed 
to have a larger mean α parameter than female cells (αfemale = 1.32 ± 0.21; αmale = 1.41 ± 0.24; p = 0.0033) (Fig. 3E). 
The α parameter provided a descriptive overall behavior of the migration and both sexes exhibited inherent 
superdiffusive behavior. Few tracked cells of either sex had an α below 1 (Fig. S19C). The goodness of fit for 
various models of migration has been explored for various types of cells, and most report similarly good fits 
as reported here on 2D flat substrates42,68. However, because of timescales of experiments, it is difficult to fully 
evaluate models over long enough time periods to determine the best model69. While 2D migration of Schwann 
cells on glass also fit a Lévy distribution (Fig. S19D–E), the amount of data being assessed, as well as the 24 h time 
frame of data collection, allow all models used to fit well.

With the α parameter indicating superdiffusive behavior, we investigated persistence from the velocity 
autocorrelation. The velocity autocorrelation in x and y were similar for female cells for the flat substrates, but 
not for male cells (Fig. S20A, B), and a time constant indicating persistence time was calculated as 1/rate of 
exponential decay of the normalized velocity autocorrelation42. However, the fit of the velocity autocorrelation 
curve was generally low (r2 < 0.5) by cell, indicating that the cells were not well represented by the PRW model41. 
To further investigate the persistence, therefore, PR was calculated by normalizing the absolute displacement 
from start to end points with the total path length traveled39. Similar to the sex-based differences in the persistence 
time (P) via PRW model, PR was increased for male cells (Fig. 3F) over female cells. Motility characteristics of 
both superdiffusion and persistence indicated active migration, and have been correlated to metastasis44 and 
effector T cells43 as a search strategy to find targets. In this context, Schwann cell superdiffusive movement could 
be correlated with active repair processes induced by their culture and expansion. However, this activity does not 
explain the potential differences between the sexes.

The inherent deviations from a random walk (α ~1) led us to further analyze speed (S) directly from the 
cell paths in addition to the model fits. Instantaneous cell speed was calculated using the individual cell paths at 
each point (Δt = 15 min), along both dimensions of the flat plane. On flat substrates, sex-based differences were 
observed in overall average speed (⟨S⟩), showing female Schwann cells migrating statistically faster than males 
(⟨S⟩ female = 0.51 ± 0.31  µm/min; ⟨S⟩ male = 0.33 ± 0.14  µm/min) (Fig.  3G). To determine if cells had a bias in 
their directional movement, they were further characterized using directional velocity vectors (V∥ and V⊥), and 
average directional index (⟨DI⟩) which describes a cell’s positive or negative displacement relative to its overall 

displacement40. On flat surfaces, female and male Schwann cells exhibited an overall average near-zero 
⟨−→

V∥

⟩
, 

⟨−→
V⊥

⟩
, and ⟨DI⟩, describing an absence of biased migration (Figs. S15D, E and S20C).

Schwann cells exhibited innate migration differences between the sexes related to both MSD and speed, 
providing new information regarding peripheral nerve regeneration. First, while Schwann cells are steroidogenic 
and capable of neuroactive steroid synthesis, few studies have investigated sex-based differences of Schwann 
cells in vivo70,71 or in vitro72,73. Therefore, the demonstration of inherent sex-based differences in Schwann cell 
migration is an important outcome. Generally, when reported, speeds for Schwann cell migration in vitro on flat 
substrates with peptides or proteins were similar to the speeds calculated here, but were either not identified by 
sex61,74 or the reports had female-only cells30. In addition, many Schwann cell migration reports also used dorsal 
root ganglia as the cell source75,76, limiting the ability of the cells to be tracked or quantified due to the multiple 
cell types in the ex vivo tissue. Our results both identify and quantify a difference between Schwann cell function 
that could result in differences in endogenous regeneration between sexes. Based on the differences we found 
in inherent control migration, fibers were introduced to characterize how topography influenced migration of 
female versus male cells.

Effects of sex and fiber diameter on cell migration
Because of their ability to direct and enhance neurite outgrowth along a single axis77, aligned fiber scaffolds 
have been proposed for neural tissue engineering applications. As Schwann cell infiltration is integral to 
axonal regrowth, Schwann cell migration on aligned nanofiber substrates is important to understand during 
the device design process. Importantly, nanofibers have been found to provide topographical cues that impact 
cell migration25. We investigated Schwann cell migration on aligned fiber scaffolds of three different fiber sizes 
(0.88 ± 0.07 µm, 1.18 ± 0.10 µm, 1.78 ± 0.11 µm, referred to as 0.9 µm, 1.2 µm, and 1.8 µm, respectively) to provide 
detailed analysis on sex-related cell responses as a function of fiber diameter. The diameters of the nanofibers 
used matched typical fibers found in the nerve in vivo, including individual nerve fibers, axons, myelin, and 
endogenous collagen fiber bundles in the endoneurium (1–3 µm in diameter)78,79, and thus, extend previous in 
vitro studies25,80.
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Similar to glass substrates, cell migration on fibers was measured via time lapse imaging of cells over a 24 h 
migration period. The cell paths indicated migration along the axis of the fibers (Fig. 4A). MSD trajectories 
of female and male Schwann cells on the three fiber sizes was statistically compared (Fig. 4B) to assess overall 
differences in migration. Compared to controls, female Schwann cell MSD showed no differences on 0.9 µm 
and 1.2 µm fibers but demonstrated a statistical decrease in MSD on 1.8 µm fibers; within fiber groups, female 
Schwann cells exhibited a decreased MSD with 1.8 µm fiber diameter. On the other hand, male Schwann cell 
MSD consistently showed no difference between control and all fiber sizes; in addition, male Schwann cells 
exhibited no differences in MSD between different diameters.

As aligned fibers provided an anisotropic substrate, both the anomalous migration and the APRW 
models were fit. With the anomalous migration model, both female and male cells showed an increase in α 
parameter on fibers compared to controls (female - α0.9 µm = 1.58 ± 0.18, α1.2 µm = 1.56 ± 0.17, α1.8 µm = 1.57 ± 0.19; 
male  -  α0.9  µm = 1.58 ± 0.18, α1.2  µm = 1.60 ± 0.15, α1.8  µm = 1.62 ± 0.15) (Fig.  4C). The APRW model showed 
in persistence time along the alignment axis with the addition of the fibers, but no longer between the sexes 
(Fig. 5A). Interestingly, only the female cells showed statistical increases in persistence time with the addition 
of fibers, while the males only showed persistence time differences between the control and the largest fiber size 
of 1.8 µm. The fit of speed along the primary axis (Sp) was decreased within the female cells with the addition 
of the fibers, but differences were still noted between the female and male cells on the 1.2 and 1.8 µm fibers 
(Fig. 5B). Similarly, the non-primary axis (Snp) showed differences in speed, but were more limited in persistence 
(Fig. 5C, D). In summary, all fiber samples showed superdiffusive migration, with female cells increasing in 
persistence time with each increase in fiber size and male cells only increasing persistence time on the largest 
fiber diameters. The increases in α relative to controls were likely connected to contact guidance principles25,81 
that have demonstrated increased persistence and/or speed. Some of the sex-based differences with speed 
remained with the introduction of fibers, although this response was diameter dependent.

To further investigate these differences, directional velocity, speeds, and PR were calculated from the cell paths. 
Mean velocity in the direction of fiber alignment was defined as ⟨

−→
V∥⟩, while the mean velocity perpendicular to 

the fibers was defined as 
⟨−→

V⊥

⟩
 at each 15 min interval. The range of 

−→
V∥ was approximately − 0.4 to 0.4 µm/min 

for all substrates, making ⟨
−→
V∥⟩ approximately 0 because cells moved back and forth along the fiber axis (Fig. 4D). 

The range of 
−→
V⊥ for the fiber samples was − 0.0001 to 0.0001 µm/min, indicating little migration in the direction 

perpendicular to the fibers. The average speed in the direction of the fibers (⟨S∥⟩) and perpendicular to the 
fibers (⟨S⊥⟩) were investigated. On controls, ⟨S∥⟩ and ⟨S⊥⟩ were observed to be ~ 0.20 µm/min for male cells, 
and ~ 0.30 µm/min for female cells, indicating that cells moved with equal speed along both axes. However, on 

Fig. 5.  APRW model fit to Schwann cell migration on aligned fibers. (A) The presence of fibers increased 
the persistence time of female cells along the fibers (primary direction, p) compared to controls, although it 
diminished the differences in persistence time seen between the sexes. Only the highest fiber diameters further 
increase the persistence time of male cells compared to controls. (B) The speed of both male and female cells 
on fibers (in the primary direction) is statistically decreased compared to sex-based controls, although the 
speed of female cells remains higher compared to male cells on the larger fibers. (C and D) Persistence time 
and speed fit for APRW model in the perpendicular direction (non-primary, np), with decreased persistence 
times and speed with the addition of fibers for both male and female cells. Three biological replicates (N = 3) 
were completed per sex, where at least 100 individual cells were included (0.9 µm - nmale = 124, nfemale = 124; 
1.2 µm - nmale = 138, nfemale = 134); 1.8 µm - nmale = 169, nfemale = 139). Statistical analyses were calculated using 
two-tailed unpaired t-test (control) and two-way ANOVA test with Tukey as a post hoc test (fibers). Error bar: 
standard deviation.
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fibers, ⟨S⊥⟩ for both female and male Schwann cells decreased to less than 0.09 µm/min, while ⟨S∥⟩ remained 
similar to controls. Both velocity and speed results showed that Schwann cells seeded on aligned fibers had 
minimal motion perpendicular to fiber alignment, a phenomenon explained as a result of contact guidance25. 
Interestingly, the introduction of aligned fiber topographies generally increased ⟨S∥⟩ of male Schwann cells, but 
left ⟨S∥⟩ of female cells relatively unchanged. Male cells on flat surfaces exhibited an ⟨S∥⟩ of 0.19 ± 0.09 µm/min, 
which increased to 0.23 ± 0.07 µm/min on 1.2 µm fibers, while female cells on flat surfaces exhibited an ⟨S∥⟩ of 
0.31 ± 0.21 µm/min, which decreased to ~ 0.25 µm/min on all fiber substrates (Fig. 4F). Previous work on female 
Schwann cells found increases in ⟨S∥⟩ from 0.16 µm/min (0.3 µm fiber diameter) to 0.28 µm/min (0.9 µm fiber 
diameter)25, and this study here extends that range further to 1.8 µm with no differences in ⟨S∥⟩ indicating a 
plateau in the effect of diameter. For male Schwann cells, we found that 0.9 µm and 1.2 µm fibers supported the 
fastest speed, with the largest fibers having decreased ⟨S∥⟩. Finally, an increase in PR for female cells eliminated 
the sex-based differences seen on flat substrates on both 0.9 µm and 1.2 µm fibers (Fig. 4E). Therefore, while 
the fibers overall increased PR relative to controls, the sex-based persistence differences were not evident on the 
smaller fibers.

Therefore, inherent persistence differences may allow male cells to adjust to contact guided migration by 
increasing their speed, while female cells increased their persistence, but not their speed. Untangling persistence 
from speed has been a long-lived problem relative to cell migration. Blocking cell–matrix adhesions was one of 
few conditions where speed and persistence were uncoupled, with reduced adhesions increasing cell speed82. The 
fibers in our study were not functionalized with specific adhesion molecules, potentially mimicking a reduction 
in cell–matrix interactions to uncouple the speed and persistence. A coupling between speed and persistence 
has been found to be due to actin flow speed83, with the universal coupling framework has noted that faster cells 
are more persistent. Further work is necessary to determine the inherent differences between the sexes related to 
cell speed and persistence, as well as coupling between the two. Nonetheless, sex-based differences varied relative 
to fiber diameter and measurement type. As it relates to biomaterial design for nerve regeneration, 0.9 µm and 
1.2 µm fiber will provide support for cells of both sexes, both in contact guidance cues but also for speed in 
migration.

Conclusion
A series of aligned fibers with well-defined diameters were fabricated in this study. The fibers were used to 
characterize sex-based responses (viability, morphology, migration) of female and male Schwann cells in response 
to culture on fibers of different diameters. Morphological analysis showed the shape and orientation of female 
and male Schwann cells on fiber substrates were functions of both sex and fiber diameter. On fibers, female 
Schwann cells exhibited greater whole-cell elongation than males on 0.9 and 1.8 µm fibers and greater nucleus 
elongation on 1.2 and 1.8 µm fibers. Innate sex-based differences in cell motility (MSD-fit models, α parameter, 
speed) were observed on flat surfaces. Promisingly for clinical applications, the impact of sex-based differences 
was reduced with the introduction of nanofiber scaffolds, although both speed and persistence were impacted. 
No sex-based differences were observed in α parameter on all fiber diameters, although the introduction of 
fibers increased α parameter of both sexes. Speed in the aligned axis for female Schwann cells was decreased 
on all fiber substrates, while male Schwann cells experienced an increase with fiber diameter. These results 
suggest that Schwann cell behavior is both sex and diameter-dependent when cultured on variable topographies. 
As quantified, relative speed and persistence differences between sexes contribute to the understanding of cell 
motility and contact guidance in artificial 2D microenvironments in vitro.

Data availability
Data is displayed within the manuscript or supplementary information files. We are happy to share the raw data 
upon request and adequate ability to send the image/video files. Please contact the corresponding authors.
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