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Abstract

Polydiacetylene (PDA) Langmuir films are well known for their blue to red chromatic transitions 

in response to a variety of stimuli, including UV light, heat, bio-molecule bindings and mechanical 

stress. In this work, we detail the ability to tune PDA Langmuir films to exhibit discrete chromatic 

transitions in response to applied mechanical stress. Normal and shear-induced transitions were 

quantified using the Surface Forces Apparatus and established to be binary and tunable as a 

function of film formation conditions. Both monomer alkyl tail length and metal cations were used 

to manipulate the chromatic transition force threshold to enable discrete force sensing from ~50 

to ~500 nN μm−2 for normal loading and ~2 to ~40 nN μm−2 for shear-induced transitions, which 

are appropriate for biological cells. The utility of PDA thin-film sensors was demonstrated with 

the slime mold Physarum polycephalum. The fluorescence readout of the films enabled: the area 

explored by Physarum to be visualized, the forces involved in locomotion to be quantified, and 

revealed novel puncta formation potentially associated with Physarum sampling its environment.
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Polydiacetylene thin films fluoresce in response to applied normal and lateral stress. The stress 

required is quantitative and can be tuned based on film formation conditions. TPDA thin-film 

sensors were then applied to measure the stresses applied during Physarum polycephalum (slime 

mold) migration.
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1 Introduction

Polydiacetylenes are a class of linear polymers that exhibit binary chromatic (blue to red) 

transitions. PDAs can be self-assembled into Langmuir films and vesicles from various 

diacetylene (DA) surfactants (Supplemental S1). Exposure of the assembly to UV light 

induces topochemical polymerization creating a linear conjugated backbone consisting of 

alternating double and triple bonds [1]. This polymer is visibly blue and non-fluorescent. 

When exposed to external stimuli such as mechanical stress, heat or UV light, blue phase 

PDA can undergo a chromatic transition to a visibly red, fluorescent phase (Figure 1b). 

This chromatic transition has been described as a shift in conjugation caused by torsion 

of the polymer backbone but is still not fully elucidated and under active theoretical 

and experimental investigation [2, 3, 4, 5, 6, 7, 8, 9]. Mechanically induced blue-to-red 

transitions or mechanochromism in PDA Langmuir films was first described by Carpick et 

al. in several notable articles [10, 11, 12, 13]. It was found that mechanochromism occurred 

preferentially in the direction of the polymer backbone within a given PDA domain. 

Subsequently, Juhasz et al. quantitatively described AFM-tip induced mechanochromism 

using lateral force microscopy [14] but were unable to induce transitions by applying normal 

force. More recent developments in other modes of mechanochromism in other material 

forms of PDAs were reviewed by Das et al. [2].

Of interest here is applying the unique properties of PDA mechanochromism to examine 

the behavior and migration of microorganisms and cells. Techniques to measure the 
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forces involved in cell migration are often either qualitative or highly complex [15]. 

We demonstrate the utility and ease of use of PDA thin-film sensors using the model 

organism, Physarum polycephalum. a slime mold. P. polycephalum has attracted significant 

interest in a variety of disciplines due to its ease of culturing, cytoplasmic streaming, 

ameboid locomotion, and unique demonstration of “intelligence” in maze solving and other 

demonstrations of cognition [16, 17, 18, 19]. In the plasmodium phase of its lifecycle, it 

is highly migratory and exerts measurable shear forces. The traction forces of Physarum 
microplasmodia have been examined previously using traction force microscopy (TFM) [20, 

21, 22, 23]. Phyarsum was observed to exert stresses on the order of magnitude of 100 

Pa, with a maximum of ~ 400 Pa. TFM enables high resolution, granular measurements 

of the forces exerted by cells. Conversely, the work presented here represents a passive, 

ensemble-level view of the forces and migration exerted by larger slime molds, based 

entirely on the fluorescent transitions of PDAs.

The mechanochromatic transitions of PDA Langmuir films of different compositions were 

precisely quantified using a modified Surface Forces Apparatus (SFA) coupled to a polarized 

epi-fluorescent microscope. PDA films of increasing blue to red transition threshold were 

fabricated and characterized with the SFA and then applied to examine the locomotion 

and migration of Physarum polycephalum. The SFA is an ideal tool for examining 

mechanochromism of PDA as the contact area is directly viewable and the fluorescent 

response to an applied force can be measured in real time. We observed that PDA films 

exhibited two different sensing modalities, normal stress induced transitions and shear 

stress induced transitions. These binary transitions occurred only when stress above the 

transition threshold of the film was applied. This enables applied stresses to be directly 

viewed through the fluorescence of the PDA film in real time or at some later time point 

to reveal the mechanical stress footprint. This work details the methodology to produce 

well-characterized PDA films with known transition properties. The PDA sensing films were 

then applied to the locomotion of Physarum revealing that the slime mold exhibits a range of 

forces that can be segmented and identified by using films with different mechanical stress 

thresholds.

2 PDA Film Calibration

2.1 Normal Stress Induced Mechanochromism

The effects of normal stress on PDA mechanochromism have not been previously 

investigated. Atomic force microscopy studies have shown that PDA mechanochromism can 

be induced by lateral forces, but were unable to induce transitions by applying normal force 

[12, 14]. As determined in this work, the normal stress required to induce the blue-to-red 

transition is orders of magnitude higher than with shear stress. Using a modified SFA 

coupled with a fluorescent microscope we were able to simultaneously apply normal force, 

monitor the contact area and, fluorescent readout. For these measurements, a PDA film was 

deposited onto one SFA disk, and a 20 μm silicone film (a common biological model) was 

deposited onto the other surface. The silicone film uniformly distributed the normal force 

and acted as a model of an adhesive substrate, such as a cell. The experimental setup is 

represented schematically in Figure 1a. The two disks were brought into contact, loaded, and 
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allowed to equilibrate for 10 minutes. This process was repeated at different positions with 

increasing load until the contact area was fully transformed from blue (non-fluorescent) to 

red (highly fluorescent). Figure 1b shows the difference in absorbance and emission spectra 

between the blue phase (Figure 1c) and mechanically transformed red phase PDA (Figure 

1d). Initially, the film is almost entirely in the blue phase. During loading, domain edges 

and holes begin to fluoresce first, Figure 1c, followed by the bulk transformation of the film 

within the contact area, Figure 1d. Unlike shear induced transitions, normal stress induced 

transitions appear to transform the film without a directional dependence relative to the PDA 

domain orientation (aligned polymer backbone). Importantly, the transformed area does not 

propagate from the locally loaded area. Furthermore, normal stress mechanochromism was 

observed to occur from micro to macro length scales; compare Figure 1c,d, and insets.

This calibration method was applied to PDA films formed from DAs of increasing alkyl 

tail lengths ranging from ECDA, C21 to NCDA, C29. The results of these experiments 

are summarized in Figure 2. Both the normal stress to transform the bulk film as well as 

stress to transform the edges and holes of the film domains follow the same trend. The 

difference between the bulk and edge transformation becomes more pronounced for polymer 

films made from DA monomers with longer alkyl tails. The UV dose required to induce 

the blue-to-red transition was compared to normal stress induced transitions. The dose and 

normal stress followed similar trends; higher doses of UV light or pressure were required to 

fully induce the blue-to-red transition in DA films with longer alkyl tails [24]. Interestingly, 

when Zn and Fe were added to the Langmuir trough subphase, the resulting PDA films were 

found to be unable to undergo normal stress induced transitions within the range applied by 

the SFA (the maximum normal stress applied in these experiments was approximately 700 

nN μm−2).

When in contact with a surface, but below the critical normal stress described above, PDA 

films are still in the blue phase, and hence non-fluorescent. As described next, these films 

can be sheared to induce the blue to red transition. This enables two different sensing modes 

for PDA films: a normal stress sensor at relatively higher loads and a shear stress sensor at 

zero or lower loads.

2.2 Shear Stress Induced Mechanochromism

The SFA was utilized to measure shear stress induced transitions in PDA films [25]. The 

experimental design is represented schematically in Figure 3a. The PDA film was brought 

into contact with a thin silicone film and sheared with zero applied load at different shearing 

rates and displacements. The shearing velocity was targeted to be on of the order of 

microns per hour, as to approximate the migration of cellular locomotion [20, 26]. Films 

sheared with rates between 1 Hz and 100 μHz yielded similar friction forces and fluorescent 

response. To precisely quantify the shear force, the conditions under which shear induced 

transformation occurred were first mapped out with the fluorescent coupled SFA and then 

carefully replicated using a standard SFA configuration, which can precisely measure shear 

force [25, 27]. Combined with the contact area, critical shear stress was calculated. Below 

this critical shear stress, films can be repeatedly sheared without any measurable increase 

in fluorescence. An increase in DA monomer alkyl length leads to an increase in the 
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critical shear stress required for a transformation, as indicated in Figure 4. The increase in 

mechanochromism induced by shear stress agrees well with previous observations of the 

effect of DA alkyl tail length on normal stress transitions, UV dose and thermal transition 

temperature required to induce the blue to red transition. Van der Waals interactions and 

hydrogen bonding between neighboring monomers increase as alkyl tail length increases, 

hence we hypothesize that this increase in van der Waals attraction and hydrogen bonding 

increases the stimulus necessary to induce the blue-to-red transition [7, 28, 29, 30].

Shear induced mechanochromism is also anisotropic [11, 14]. PDA domains are formed 

from aligned polymer backbones. PDA backbones that align with the direction of shearing 

transform at lower shear stresses than those perpendicular or offset from the direction of 

sliding. The direction of PDA backbones can be observed using polarized light microscopy. 

Films formed from TCDA (C23) exhibit massive polymer domains, often as large as 

0.1mm2, while films formed from DAs with longer alkyl tails have domains typically 

between 10 and 100 μm2 [24]. Figure 3b shows a transformed TCDA contact region where 

the entire area of contact was contained within a single domain, and the shear direction was 

aligned with the orientation of the domain.

Conversely, in Figure 3c, with small PCDA domains, only the domains aligned with the 

sliding direction transformed. While in Figure 3d, most of the very small NCDA domains 

were off aligned resulting in relatively small fluorescent patches within the contact area. 

Large domains in conjunction with polarized light microscopy provide additional avenues 

for improving stress sensing resolution, as the direction and magnitude of applied stresses 

may be measured. Conversely, using fabrication methods to obtain ultra-small domains 

homogenizes the sensor, as described next.

Domain size and the shear stress required for the blue-to-red transition can be strongly 

modified by adding metal cations during film formation, providing an independent means 

for tuning the characteristics of the PDA film [24, 31, 32, 33, 34]. Our previous work 

characterized the effect of metal cations on UV light induced blue to red transitions 

[24]. Building upon this work, the mechanochromism of Fe-PCDA and Zn-PCDA were 

investigated. Modifying films with Fe or Zn decreases the domain size and increases the 

stimulus (normal stress, shear stress or UV Dose) required to transform the film (Figure 4).

Zn modified films exhibit additional novel behavior. Zn-PDA films lack UV 

photochromism: UV light polymerizes the film to the blue phase, but additional UV light is 

unable to transform the film to the red phase. Zn-PDA films demonstrate: strong reversible 

thermochromism at temperatures < 200°C, but the fluorescence is inhibited when thermally 

transformed [24, 31, 32]. When sheared, Zn-PCDA films undergo the blue to red transition 

with fluorescence, Figure 5. We hypothesize that shearing disrupts the Zn2+ bridging 

bidentate complexes between neighboring carboxylic acid head groups [24, 31, 34], which 

enables it to fluorescence similar to a regular film in the absence of Zn2+ cations. These 

strong bridging interactions are responsible for reversible thermochromism and inhibited 

fluorescence. Hence, Zn cations create a novel sensing modality where shear stress alone 

can induce fluorescent mechanochromism.
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3 Slime Mold Locomotion Induced Mechanochromism

Slime molds, particularly Physarum polycephalum, have been extensively studied due to 

their simplicity, the amoeboid-like behavior of the plasmodium, and their puzzle-solving 

ability [16, 17, 18, 19, 21, 35]. Low stress threshold ECDA/C21 films were used to examine 

the migration and document the area explored by Physarum as seen in Figure 6a. When 

a slime mold is placed on a PDA film, migration by the slime mold induces the blue to 

red transition. Hence, the fluorescent readout indicates every location where the slime mold 

explored, Figure 6a. A complete record of Physarum’s migration is captured on the film as 

the fluorescence is permanent. This is useful because slime molds move relatively slow, less 

than 0.5 mm h−1, and avoid light (negative phototaxis) [23, 36, 37, 38]. PDA films offer a 

simple and effective means for passive, non-invasive, long-term surveillance.

PDA films with different stress activation thresholds can distinguish some different 

potentially shear-applying methods of Physarum. Low stress threshold ECDA/C21 (2.1 ± 0.5 

nN μm−2) films display a range of fluorescent intensity after slime mold migration, Figure 

6a. Shear stresses from the spreading plasmodium and veins were the primary driver of high 

fluorescence in ECDA/C21 films. Diffuse fluorescence from the spreading plasmodium, 

bright fluorescent spots and small dark holes of removed film or “puncta” can all be seen. 

The brighter, more intense fluorescence observed along Figure 6a(i) is likely due to higher 

stresses exerted by the presence of large vein-like structures over a larger and more uniform 

region by large vein-like structures. Conversely, diffuse fluorescence is due to small local 

regions of stress application by the spreading plasmodium. On PCDA and NCDA films with 

a transition shear stress greater than 4 ± 0.2 nNμm−2, only the localized bright fluorescent 

spots are present as indicated in Figure 6b and c respectively. These fluorescent spots were 

potentially from stress fibers and adhesion/anchoring of the organism to the film. Though 

the slime mold is somewhat autofluorescent, the fluorescence of the PDA film can be 

observed beneath the organism at the edges (Figure 6b).

The stresses measured in these experiments appear significantly larger than previously 

measured traction forces with a maximum of ~400Pa as compared to the minimum ~2000 

Pa measured here [20, 21, 22, 23]. A significant portion of this discrepancy is due to 

the scales over which these measurements were taken. TFM studies focused on Physarum 
microplasmodia, where the entire organism was less than ~500 μm in diameter. These 

microplasmodia appear tubular and lack larger vein-like structures. Here, larger Physarum 
organisms that possessed vein-like structures were studied (See supplemental section S4 

for details on slime mold size measurement). While organisms of roughly the same 

size as the microplasmodia observed in Rieu et al. were examined here, our samples 

were extracted from Physarum macroplasmodia of much larger size. Stockem and Brix 

extensively described the morphology and structures of both macro and microplasmodia 

[35, 39, 40, 41]. We speculate that the larger organisms studied here may exhibit higher 

stresses than those observed by Zhang et al., Rieu et al., and Lewis et al. due to larger, 

more organized cytoskeletal structures found in macroplasmodia [20, 22, 23, 35]. These 

larger structures may produce stronger adhesion and migration stresses than those observed 

in microplasmodia.
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Furthermore, measured stresses were observed to scale with the size of the plasmodium. 

Larger plasmodium sections such as a vein or plasmodium > 100 μm in diameter were 

observed to induce fluoresce in higher threshold films such as NCDA. In contrast, smaller 

sections of the plasmodium < 100 μm and the exploring edge of the slime mold could not 

induce the blue to red transition Figure 7. The “size” of the slime mold was defined by the 

width of the spreading plasmodium through a given area (See supplemental section S4 for 

details). Normal stress induced transitions were not considered to be significant contributors 

to the observed fluorescence of the PDA films. PDA films are an order of magnitude more 

sensitive to shear stress than normal stress (Figures 2, 4).

In addition to migration induced fluorescence, evidence of slime mold migration stems from 

the observation of “puncta” or dark holes carved out from the film by the slime mold. 

As the slime mold advances into a region, these puncta indicia were present throughout 

the plasmodium and leading edge of the slime mold. The puncta were highly circular 

and distinguishable from any cracks or defects in the PDA Films, which typically follow 

polymer domain boundaries (Figure 8). We speculate that this is a potentially unrecognized 

mechanism by which the slime mold samples or senses the local environment. By using 

films with a high transformation shear stress, the puncta could be readily identified without 

the added complications of migration induced fluorescence. This can be seen in Figures 

6c and 7, where inside, and just outside the slime mold, the film is covered in puncta, 

indicating the plasmodium had migrated over that region. In the higher stress threshold 

NCDA film, figure 6c, the film is littered with puncta, but there is minimal fluorescence 

from the migrating slime mold. Figure 8 shows the difference between cracks in the PDA 

film and puncta.

Larger slime mold plasmodium with veins and a size greater than 250 μm were observed 

to produce larger puncta in the film than smaller spreading plasmodium lacking veins, 

Figure 9. Fluorescence around the edges of the puncta indicated the film was ripped and 

detached by the slime mold, as similar ripping induced fluorescence can be seen during SFA 

experiments when the two disks are rapidly separated.

Based on these experiments, PDA Langmuir films offer a potential new avenue to non-

invasively examine migration and related forces of cells and microorganisms. PDA films 

could potentially be used with mammalian cells and track the movement of fibroblasts and 

related epithelial cells during a wound healing assay or other biological processes. The 

carboxylic DA head group is readily functionalizable and could be modified to enhance cell 

adhesion, detect the presence of biomolecules on the surface of cells, and offer additional 

avenues to tailor stress sensitivity.

4 Comparison of PDA films to other techniques

PDA thin films may potentially act as more general cell migration sensors. Compared to 

other techniques for measuring cell migration, PDAs offer several potential advantages. 

Polacheck and Chen extensively reviewed a number of commonly used cell migration 

techniques, which have been summarized in Table 1 [42]. PDA based cell migration sensors 

potentially can image thousands of cells, as PDA films can be uniformly deposited over 10s 
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of cm2, with imaging limited only by the field of view of the microscope (Table 1, note b). 

The stress range and sensitivity of PDAs may be further enhanced by depositing PDAs onto 

more compliant, elastic materials (Table 1, note d).

PDA films may offer high spatial resolution of exerted forces. Carpick et al. and Juhasz et al. 

examined mechanochromism of PDA Langmuir films at the nanometer scale. They observed 

that mechanochromism induced by an AFM tip is viewable with wide-field fluorescence 

microscopy. Hence, forces exerted on the sub-micrometer scale may be readily observed due 

to the localized fluorescence of the red phase PDA(Table 1, note c).

The primary advantages of PDA films lie in that the precursor diacetylenes are inexpensive, 

and the fluorescence left by mechanical stress is permanent and generally irreversible. 

Requiring only a standard fluorescent microscope, this permanent, non-photobleaching 

fluorescence potentially allows for passive monitoring of cell migration without the 

continuous use of a fluorescent microscope. PDA films are not without challenges. Other 

more compliant substrates need to be evaluated, the cytotoxicity and compatibility of PDAs 

with other cells has not been thoroughly examined, and the range of stress sensitivities could 

be improved and refined through head-group functionalization, and deposition onto more 

elastic substrates.

5 Conclusions

2D mechanical stress sensors with high sensitivity can be easily made from PDA 

Langmuir films. The binary readout of the films blue-to-red / non-fluorescent to fluorescent 

transformation provides a simple readout of mechanical stress in real time or to record 

stress events for later examination. PDA films are sensitive to both normal and lateral stress 

induced transitions, with significantly higher sensitivity to lateral stress. Importantly the 

mechanical stress threshold can be readily tuned by modifying film formation parameters. 

Increasing the monomer alkyl tail length or incorporation of divalent salts into the film 

can dramatically increase the critical stress required to induce the blue to red transition. 

Low transition threshold PDA films can be exploited to examine the locomotion and 

migration of single cells and micro-organisms as demonstrated using the model organism 

Physarum polycephalum, or slime mold. Furthermore, the forces exerted by Physarum 
during locomotion were assessed quantitatively and previously unreported behavior was 

observed. PDA thin-film sensors are a straightforward method for examining the stresses 

involved in cell migration and movement in other systems of interest.

6 Experimental Section

6.1 Preparation of PDA Langmuir Films

Our technique for fabricating high-quality PDA Langmuir films has been described 

previously [24]. 10,12 heneicosadiynoic acid (C21, ECDA) [57], 10,12-tricosadiynoic 

acid (C23, TCDA), 10,12-pentacosadiynoic acid (C25, PCDA), 10,12-heptacosadiynoic 

acid (C27, HCDA), and 10,12-nonacosadiynoic acid (C29, NCDA) were from TCI 

America and GFS Chemicals. Diacetylene (DA) powders were purified using flash column 

chromatography. The purified DAs were then dissolved in chloroform at 0.4 mg/mL and 
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deposited dropwise onto the air-water interface of a Nima 611D Langmuir-Blodgett trough. 

After equilibration for 20 minutes, the trough was compressed at a rate of 20 cm2 min−1 

and exposed to 254 nm UV light for approximately 20% of the optimal blue phase UV dose 

once a stable trilayer film was formed. Films were then transferred to glass substrates using 

either an angled Langmuir-Blodgett (LB) technique or Langmuir-Schaefer (LS) technique. 

Transferred films were then exposed to further UV light to maximize the blue phase prior 

to SFA experiments. For films formed with Zn and Fe cation subphases, the subphase 

was stirred continuously. Zn-PCDA films were formed with a concentration of 1 mM 

ZnCl2 in the subphase, and Fe-PCDA films were formed with a subphase of 0.01 mM 

FeCl3. Anhydrous zinc chloride (ZnCl2) was from Honeywell Fluka and iron (III) chloride 

hexahydrate (FeCl3-6H2O) was from Sigma Aldrich. See supplemental S2 for details.

6.2 Surface Forces Apparatus Experiments

A modified SFA Mark II was developed to carry out these experiments. The SFA was 

mounted underneath a polarized epi-fluorescent microscope with an Andor Zyla 5.5 sCMOS 

camera and Texas Red filter cube. Unlike the traditional silvered mica substrates used in 

typical SFA experiments, a PDA Langmuir film was directly deposited onto the cylindrically 

curved side of a plano-cylindrical glass lens (often referred to as an SFA disk) using the 

Langmuir-Schaefer technique. An identical disk was covered with a 20 μm silicone film 

(from Silex Ltd., Wacker Chemie). The silicone film was plasma treated to remove it from 

the Polyethylene terephthalate (PET) backing sheet, attached to a plastic frame, and then 

draped onto a UV-ozone treated SFA glass disk. The disks are then placed in specialized 

mounts in the SFA, one above the other with their cylindrical sides facing each other 

and their axes perpendicular. The contact area between the two disks is readily viewable 

through a window at the top of the SFA and measurable with a microscope objective. To 

measure normal force, the vertical movement of a calibrated spring (attached to one of the 

disc mounts) is tracked with an encoder. Friction forces were measured using a combined 

SFA friction setup composed of a bimorph driver and friction device with semiconductor 

strain gauges (See supplemental S3 for details) [25]. This enables precise application 

of sliding velocities on the order of 1-10 μmh−1, similar to the migration rate of cells. 

Custom control and acquisition software was developed and utilized micro-manager and 

the pycro-manager interface [58, 59, 60]. This setup enabled observation of the fluorescent 

response to a well-defined displacement, and in subsequent experiments, measurement of 

the friction force associated with the fluorescent transformation of the film. Absorbance 

and emission spectra of the films were captured using a Perkin Elmer LAMBDA 750 

UV/Vis/NIR spectrophotometer and a Varian Cary Eclipse fluorescence spectrophotometer.

6.3 Slime mold experiments

Cultures of Physarum polycephalum were purchased from Carolina Biological Supply, both 

as living cultures and sclerotium. Physarum was cultured on 2% non-nutrient agar (Sigma 

Aldrich) and sub-cultured every other day, fed Quaker rolled oats and stored in the dark at 

24°C. For experiments with PDA films, a small, less than 1 mm radius, of the slime mold 

and agar was excised and deposited onto a PDA coated cover-slip. The PDA coverslip was 

embedded in an agar-coated Petri dish for moisture control. Slime mold migration across 

a PDA film was imaged with a custom polarized fluorescent microscope with an Andor 
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Zyla 5.5 sCMOS camera. The size of the slime mold was defined as the width of the 

spreading plasmodium within a given area. See supplemental section S4 for more details and 

a schematic of experiments.

6.4 Statistical Analysis

Normal Force Mechanochromism: Normal force induced transitions were identified 

from continuous observation of applied normal force and fluorescence response of the PDA 

film. For each monomer with a different alkyl tail length, three samples were evaluated. 

Each sample provided 5-8 unique positions. The mean and standard deviation from all of 

these positions are reported in Figure 2. This analysis utilized ImageJ/Fiji and Python using 

numpy, uncertainties and pint.

Shear Force Mechanochromism: Shear force induced transitions were identified by 

the continuous acquisition of fluorescence microscopy images and response of the SFA 

bimoprh (See supplemental section S3 for an example of these results). For each PDA film, 

3 independent SFA experiments were carried out. Within each SFA experiment, 5-7 unique 

positions were accessible. Friction response data was smoothed with a Savitzky-Golay filter. 

The distance between the sliding plateaus in the friction force were identified using a peak 

identification routine, which, with calibration corresponds to the friction force measured in 

the system (See Supplemental S3). The mean and standard deviation of these results are 

reported in Figure 4. Analysis and error propagation utilized ImageJ/Fiji and Python with 

numpy, pands, scipy, pint and uncertainties packages.

Slime Molds: Slime mold migration analysis was carried out by periodic imaging 

of migrating slime molds (See Supplemental Section S4). The size of the migrating 

plasmodium was measured using ImageJ/Fiji and representative samples were reported 

in Figures 6,7. Slime mold puncta were characterized using local image thresholding 

algorithms built into Fiji/ImageJ with manual validation. The distribution of slime mold 

puncta are reported in Figure 9. The box plot shows the mean, quartiles and minimum and 

maximum of the measured puncta from 40 unique slime mold migration locations across all 

film configurations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
(A) Schematic of normal stress experiments: films are loaded with well-defined normal 

forces and the contact area and fluorescent response is measured. The black arrow denotes 

the contact area diameter. (B) Absorbance and emission spectra of PDA (PCDA) formed 

on a pure water subphase. (C) Fluorescent micrograph of TCDA (C23) film with edges and 

pinholes beginning to transform, inset: blue phase of a planar 1 cm SFA disk before loading. 

The White arrow denotes the contact area diameter. (D) Micrograph of fully transformed 

TCDA (C23) film from normal stress, inset: red phase of a planar 1 cm SFA disk after 

macro-scale stress loading.
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Figure 2: 
Critical normal stress required to induce the blue to red transition for PDA films formed 

from different monomers. UV dose to induce the blue to red transition and produce fully red 

phase films at the air-water in a Langmuir trough is added for comparison (right axis) [24].
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Figure 3: 
(A) Schematic of shear stress experiments: a film in contact with a silicone surface is 

sheared, and the shear force and contact area are measured. Shearing produces a measurable 

shift in contact area. The red line indicates the initial location of the contact area and the 

green line indicates the location of the contact area after shearing. Shear induced transitions 

in films with increasing stress threshold: (B) TCDA/C23, (C) PCDA/C25, (D) NCDA/C29. 

The red arrow indicates shearing direction.
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Figure 4: 
Critical shear stress required to induce transitions in various PDA films. UV dose to induce 

the blue to red transition at the air-water interface is added for comparison (right axis), from 

[24]
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Figure 5: 
Absorbance and fluorescent emission spectra of Zn-modified PCDA. Before shearing the 

film appears visibly blue (Blue Zn-PCDA Abs). Upon heating, the film undergoes appears 

visibly red, but lacks significant fluorescence (Heated Zn-PCDA Abs). Shearing blue phase 

Zn-PCDA films induces the blue to red transition and fluorescence (Sheared Zn-PCDA Abs/

Fluor). inset: Fluorescent micrograph of Zn-PDA film after shearing, scale bar is 150 μm.
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Figure 6: 
Fluorescence induced by migration of Physarum polycephalum on PDA. Blue to red 

shear stress (from SFA experiments) is reported for each film system. (A) A variation of 

fluorescence intensity occurs on a low stress threshold ECDA film. (i) Solid line indicates 

the primary path of slime mold migration with a high density of fluorescence. (ii) Secondary 

“exploratory” paths as indicated by more diffuse fluorescence and dashed arrows. (iii) inset 

highlighting puncta (small dark circular holes) within the slime mold migration region where 

the PDA film has been removed by the slime mold. (B) Slime mold actively migrating on 

medium threshold PCDA, puncta and fluorescence can be seen within the slime mold and in 

the immediate adjacent area. (C) On high threshold NCDA, post migration fluorescence is 

very low and only localized around puncta and holes. Scale bars are 50μm.
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Figure 7: 
Relation of slime mold size and film fluorescence on PDA films of increasing blue to red 

stress threshold. Top: Small slime molds (< 100μm) readily transform C21/ECDA (2.1 ± 0.5 

nN μm−2), C25/PCDA (3.7 ± 0.2 nN μm−2), but do not transform C29/NCDA (6.7 ± 0.5 nN 

μm−2) (bright regions), or Fe-C25 (33 ± 2 nN μm−2). No significant puncta are present on 

Fe-C25. Bottom: Fluorescence from larger slime molds > 100μm can be seen in all films 

except Fe-C25, where only puncta due to removal of the film by the slime mold can be seen.
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Figure 8: 
Comparison of slime mold induced puncta and inherent cracks and defects within a PDA 

film. (A) PDA film cracks tend to be large and jagged, whereas slime mold puncta are 

relatively circular, and distributed everywhere within the area that a slime mold migrated. 

The dashed yellow line shows the extent of slime mold migration. (B) Puncta surrounding 

a migrating slime mold appear relatively circular, often with a fluorescent halo that we 

hypothesize was caused by ripping during puncta formation. (C) Zoomed inset comparing 

select puncta (green circles) to film defects (red arrows).
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Figure 9: 
Relation of slime mold size to measured punctate areas. Above each slime mold size 

category is an exemplar image of corresponding puncta. Scale bar is 50μm.
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Table 1:

Comparison of PDA thin-flims to other well-established techniques for measuring cellular forces. Table 

adapted from Polacheck and Chen [42].

Technique Stress 
range

Number 
of cells

Spatial 

resolution
a

Substrate 
and 
stiffness

Special 
requirements

Strengths Major 
limitations

References

Collagen Gel N/A 1×104 to 
1×106

N/A Young’s 
modulus: 
0.01-0.1 
kPa

None Ease of 
Implementation

Qualitative, 
cannot 
determine 
stress from 
single cells

[42, 43]

Traction Force 
Microscopy

0.05-0.6 
kPa

1 to 1000 2 μm Collagen, 
PEG, 
PDMS or 
PA 
Young’s 
modulus: 
1.2-1000 
kPa

Hydrogel, PDMS 
synthesis & 
functionalization, 
particle tracking 
algorithms

Standard 
laboratory 
equipment and 
fluorescent 
microscopy

2-D, 
synthetic 
substrate

[42, 44, 45, 
46, 47, 48, 
49, 50]

Micro-pillars 0.06-8 
kPa

1-10 1 μm Collagen 
or PDMS, 
pillar 
stiffness 
1.9-1556 
nN μm−1

microfabrication, 
PDMS 
functionalization

Ease of 
implementation 
and 
computation

Fabrication, 
Forces are 
independent 
for posts

[42, 51, 52, 
53, 54, 55]

Polydiacetylenes 
(PDA)

~2-30 
kPa 1-1000s

b
>μm

c
Glass

d PDA films Inexpensive, 
passive, 
precalibratred, 
permanent 
fluorescence, 
binary stress 
threshold

2-D, binary 
transition, 
cytotoxicity 
not 
evaluated, 
others 
substrates 
not 
evaluated

This Work, 
[2, 10, 12, 
14, 56]

a
The minimum distance between which two point forces can be resolved.

b,c,d
See text for details.
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