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ABSTRACT

The incorporation of functional molecular switches into smart materials imparts dynamic material properties, gaining deeper
insight into how molecular structure affects the functionality of these materials and aiding the development of novel sensor de-
vices. To enable mechanochromic biomaterials capable of sensing shape changes, we explored the incorporation of spiropyran
(SP) mechanophores into a polyurethane (PUR) shape memory polymer (SMP). SPs reversibly generate variations in fluorescence
and visual colors due to conversion from inactivated SP to activated merocyanine (MC) in response to force. We hypothesized
that SP-containing PUR (PUR-SP) could undergo simultaneous shape and color changes. Small quantities of SP were dissolved
in control PUR solutions with different hard-to-soft segment ratios, and PUR-SP films were formed by solvent-casting. The effect
of SP incorporation on material properties, including mechanical, shape memory, thermal, and cytocompatibility, was studied.
Mechanochromic behavior was analyzed by straining the films and imaging using a camera and fluorescence microscopy. We
also employed a previously developed bacterial protease-responsive PUR SMP to confirm that SP incorporation enables simulta-
neous shape and color changes in the presence of bacteria. Strained samples showed increased fluorescence (up to 56%, p <0.05),
which was reversed upon shape recovery. Mechanochromic behavior was affected by the hard-to-soft segment ratio of the PUR,
SP concentration, and strain percentage. Bacteria-responsive PURs with SP showed reduction in fluorescence and complete bio-
film removal after incubation with Staphylococcus aureus for 24 h, which conveyed the potential to use SP in PURs as a molecular
force probe with color-based bacteria detection. This technology could be expanded to include a range of other stimuli-responsive
functionalities in future work to enable shape and color changes based on environmental cues.

1 | Introduction reversibly upon application of external stimuli, giving a greater

advantage in applications over their static counterparts [3-5].

Over the past few decades, smart materials have gained the
interest of numerous researchers due to the nature of diverse
potential applications in various fields, including medicine
[1, 2]. More precisely, stimuli-responsive smart materials have
a wide variety of applications as biomaterials. These materi-
als have internal “switches” that can be turned “on” or “off”

However, knowledge gaps exist in understanding the mech-
anisms of transmission of force or signal from one interface
to another (i.e., from the biomaterial to the tissue and vice
versa) both at the macro and micro level [6-8]. Additionally,
robust methods to measure, accurately model, and predict
these signals across spatial and temporal scales have yet to
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be established [9-13]. Incorporation of functional molecular
switches, particularly those with multiple hydrogen-bonding
groups, into smart materials can impart dynamic material
properties and gain fundamental insight into how molecular
structures affect materials' functionality [14, 15]. In addition,
they facilitate the development of smart materials for novel
sensors and actuator devices.

Previously, we synthesized a segmented thermoplastic poly-
urethane (PUR) for potential biomaterials [1, 16]. To further
enhance its capability as a sensor material, we sought to incor-
porate mechanophores, which are mechanically sensitive mo-
lecular switches, to develop a mechanochromic PUR [17-19].
Mechanochromic polymers are smart materials that revers-
ibly generate variations in fluorescence and optical colors in
response to mechanical force, providing visible color-based
presentation of the stress-relaxed state of polymers [20, 21].
This property makes them suitable for applications such as
stress sensing, information processing, and damage detection
[20, 22, 23]. Current approaches to generating mechanochro-
mic polymers involve the incorporation of mechanophores into
polymer matrices, with a focus on enhancing stress transfer ef-
ficiency from the polymer to the mechanochromic compound
[22, 24]. Spiropyrans (SPs) are classical mechanophores well
studied in literature and shown to respond to both ultraviolet
light and mechanical force in many different polymeric mate-
rials [25-27]. Their color changes in response to mechanical
force due to the conversion from the ring-closed SP structure to
its corresponding ring-open merocyanine (MC) structure. This
change is reversible, and the original SP color is recovered after
removal of the mechanical force [22, 28, 29].

Due to their excellent mechanical properties, adjustable chemi-
cal structure, and low glass transition temperatures, segmented
thermoplastic PUR matrices have been shown to be effective for
fabricating mechanochromic polymer composites [21, 29-31].
Segmented thermoplastic PUR shape memory polymers (SMPs)
are ideal for making mechanochromic polymers because they
can be deformed and maintained in a secondary shape after a
specific thermal treatment due to a balance between soft and
hard segments. After applying another thermal treatment, the
SMPs revert to the original shape [1, 30-33]. Polymers with both
mechanochromic and shape memory properties will therefore
achieve a temporary color and shape change during the initial
programming, which are both reversible. Mechanochromic
SMPs provide opportunities for the innovative design of opti-
cally responsive and multifunctional sensor biomaterials for
biomedical use. For instance, orthotic devices for at-home use
with mechanochromic components could measure and mon-
itor the stress and strain exerted by the human body [34, 35].
Additionally, mechanically responsive biomaterials can induce
mechanical perturbations in vitro that transduce optical signals
that could be captured by functionalized biological reagents for
medical significance. Finally, these materials could serve as
wound infection sensors by adding a bacteria-responsive com-
ponent to the polymer backbone, which would enable shape and
color changes in the presence of bacteria to alert clinicians and
patients to wound infections.

Some researchers have achieved mechanochromic SMPs
by incorporating mechanophores into the polymers. These

mechanochromic polymers exhibit color change when stress
is applied, which can be recovered upon heating or application
of a secondary stimulus such as visible light or heat [36-39].
To achieve mechanochromic responses, SPs can be covalently
linked to the backbones and crosslinkers of polymer matrices
[20, 25, 26, 40, 41]. In addition, intermolecular interactions, such
as hydrogen bonding between the SP and polymer, play an im-
portant role in the development of mechanochromic behavior
when force is applied to the material [23, 26, 41]. Since color re-
sponse in mechanochromic polymers results from transducing
external stress to the SP through the polymer matrix, effective
bonding between the polymer and SP is essential to achieve an
efficient stress loading from the polymer to SP. [17, 42, 43] Our
library of segmented thermoplastic PURSs is easy to synthesize
and has high tunability in terms of chemical, mechanical, and
shape memory properties. These PURs hold great potential as
smart sensing biomaterials, especially with the incorporation of
diverse molecular switches that allow for tailored shape recov-
ery cues (e.g., magnetic, enzymatic, light, etc.) [1, 16, 44].

In this work, we were able to achieve a predictable stress acti-
vation of SP within mechanochromic PURs, which could be re-
covered upon heating to regain their original shape. SPs have
been physically crosslinked at different concentrations into
segmented thermoplastic PURs with varying hard-to-soft seg-
ment ratios. The influence of SP concentration, SP incorporation
mechanism, polymer matrix rigidity, and polymer straining, as
well as the influence of shape memory properties on mechano-
chromism is presented here.

Additionally, as a proof of concept, we incorporated SP into a
previously developed bacterial protease-responsive PUR SMP
[38]. After programming this SMP into a secondary shape, it
exhibits shape recovery in the presence of bacterial proteases.
The shape change provides a visual cue for bacterial presence
while simultaneously inhibiting biofilm formation. Here, we de-
veloped SP-containing bacterial protease-responsive SMPs as a
prototype mechanochromism SMP biomaterial. Their shape de-
formation, color change, and biofilm formation were measured
during a biofilm assay with Staphylococcus aureus. This work
demonstrates the strong potential of this technology for applica-
tion in environmental sensing.

2 | Experimental Section
2.1 | Materials

Hexamethylene diisocyanate (HDI, Thermo Fisher Scientific,
Waltham, MA), triethylene glycol (TEG, Fisher), polypropylene
glycol (PPG, MW 2000gmol~!, Fisher), tetrahydrofuran (THF,
Fisher), dibutyltin dilaurate (DBTDL) catalyst (Sigma), diethyl
ether anhydrous (Fisher), NaOH (Sigma-Aldrich, Burlington,
MA), phosphate buffered saline (PBS, Fisher), Dulbecco's
Modified Eagle's Medium (DMEM, Fisher), penicillin-strep-
tomycin (P/S, Fisher), fetal bovine serum (FBS, Fisher), eth-
anol (reagent alcohol, Fisher), sodium hydroxide (Fisher),
polyglutamic acid (PGlu, Thermo Fisher Scientific, Waltham,
MA [Fisher]), lysogeny broth (LB, Sigma), S. aureus, and A375
fibroblasts (ATCC, Manassas, VA, USA) were purchased as in-
dicated above and used as received unless otherwise specified.
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2.2 | SP Synthesis

The synthesis of hydroxy-SP was optimized based on a previ-
ously reported procedure [45]. 2-hydroxyethyl-2,3,3-trimethyl-3
H-indolium iodide (5.17 g, 15.6 mmol, 1.0equiv) and 2,3-dihydro
xy-5-nitrobenzaldehyde (2.86g, 15.6 mmol, 1.0equiv) were dis-
solved in 100mL absolute ethanol, followed by the addition of
piperidine (4.37mL, 31.2mmol, 2equiv). The reaction mixture
was refluxed at 100°C for 12h and concentrated in vacuo. After
vacuum filtration, the precipitates were collected and washed
with cold ethanol to yield black powder without further purifi-
cation. (3.96 g, 10.7 mmol, 69%).

2.3 | Segmented Thermoplastic PUR Synthesis

The segmented thermoplastic PUR used in this study was
synthesized according to a previously described method [16].
Briefly, PURs with varying hard segments (Table 1) were syn-
thesized using a one-step solvent-free process. Twenty-four
hours prior to synthesis, the soft segment, PPG, and the chain
extender, TEG, were dried in a 50°C controlled vacuum oven.
HDI, used as the hard segment, was combined with PPG and
TEG and placed in a speed mixer cup in a moisture-controlled
glove box (Labconco, Kansas City, MO, USA). DBTDL was
added as a catalyst. The cup was then placed in a Speed Mixer
(Flacktek, Landrum, SC, USA) and mixed at 3500 rpm for 30s.
This mixture was poured into a Teflon liner and allowed to
cure at 50°C for 48 h.

Fourier transform infrared spectroscopy (FTIR) (Nicolet iS5,
Fisher Scientific, Waltham, MA, USA) was used to ensure suc-
cessful synthesis by the formation of characteristic urethane
peaks at ~3320cm™! (N-H stretching) and ~1677 cm™! (NHCOO
stretching), and no peak at ~2270cm™, indicating complete re-
action of NCO.

2.4 | Physical Crosslinking of SP Into PUR

To make PUR/SP films, 2g of premade PUR were dissolved
in 20mL chloroform for ~1 h. Small amounts of SP (0.31, 0.63,
1.25 and 2.5mg) were dissolved in the PUR solution. The resul-
tant solutions were poured into Teflon molds, and the solvent
was evaporated, leaving behind 15 distinct PUR-SP films, as

TABLE 1 | Chemical compositions of synthesized control

described in Table 2. These films were stored in the dark for
later use in characterizing photochromic behavior. The PUR/
SP film was exposed to white light for 1h to ensure complete
conversion of any residual MC to the SP form prior to use.

2.5 | Preparation of Bacteria Protease-Responsive
PUR With SP (5SHDI-PEP-SP)

A 100mL round-bottomed flask was charged with HDI (2.2g,
0.0131mol), PPG (6.25g, 0.046mol), and DBTDL -catalyst
(15pL). The flask was placed in an oil bath, and the temperature
was increased to 80°C gradually over a period of ~2h (to pre-
vent HDI gelation), and the mixture was stirred while purging
with nitrogen. After 24h, TEG (1.97 g, 0.0132 mol) was dissolved
in dry THF (5mL) and added to the flask while stirring. After
~1.5-3h, additional HDI (1.6g, 0.09mol) and Boc-protected
PGlu (10mg, 3.33%x107%mol) in 10mL DMSO were added to the
flask and allowed to stir for 18 h. Successful PUR-PEP synthe-
sis was confirmed by FTIR as indicated by the introduction of
the C=0 amide peak at ~1600cm™ in addition to the urethane
NH and CO peaks at ~3320 and 1677 cm™, respectively. Finally,
SP (2.5mg, 0.007mmol) dissolved in 1mL THF was added to
the flask via stirring while purging with nitrogen for 30min,
resulting in SP-containing SHDI-PEP. Afterward, the viscous
reaction solution was poured into Teflon dishes and left at am-
bient temperature for the solvent to evaporate before transfer-
ring to a vacuum oven at 50°C for 2h to dry. The resultant films
were peeled from the Teflon dish and kept in the dark prior to
characterization.

2.6 | Thermal, Mechanical and Shape Memory
Properties

2.6.1 | Thermal Analysis

Differential scanning calorimetry (DSC) was carried out using
a Q2000 instrument. Samples (n =3, 3-5mg) were equilibrated
for 2min, heated to 110°C at 10°Cmin~, kept isothermally for
2min, cooled to 50°C at 5°C min~!, kept isothermally for 2min,
cooled to —10°C, kept isothermally for 2min, and finally re-
heated to 120°C at a rate of 10°C min~!. Glass transition (Tg) and
melting (T, ) temperatures were determined from the second
heating cycle measurements as the midpoint of the inflection
on the thermogram and the minimum value of the endothermic
melting peak, respectively.

polyurethanes.
HDI PPG TEG TABLE 2 | PUR-SP film formulations—expressed as w/w percent.
(mol (mol (mol
Sample ID Formulation %) %) %) 4HDI 5 HDI 6HDI
4HDI 4.2HDI: 1 50 12 38 4 HDI-0% SP 5 HDI-0% SP 6 HDI-0% SP
PPG: 3.2 TEG
4 HDI-0.015% SP 5 HDI-0.015% SP 6 HDI-0.015% SP
SHDI >-2HDL 1 30 10 40 4 HDI-0.032% SP 5 HDI-0.032% SP 6 HDI-0.032% SP
PPG: 4.2 TEG e e R
6HDI 6.2 HDI: 1 50 3 4 4 HDI-0.063% SP 5 HDI-0.063% SP 6 HDI-0.063% SP
PPG: 5.2 TEG 4 HDI-0.126% SP 5 HDI-0.126% SP 6 HDI-0.126% SP
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2.6.2 | Mechanical Analysis

Dog bone-shaped samples were punched from the PUR-SP films
(n=3) and then loaded onto an Instron 3344 Universal Test
Instrument (Norwood, MA, USA) with a 24 N load cell. Samples
were strained at a rate of 10mmmin~' until fracture to deter-
mine the films' Young's modulus, tensile strength, and elonga-
tion at break from resulting stress/strain curves.

2.6.3 | Shape Memory Properties

Dog bone samples (n = 3) were punched from the PUR-SP films
and loaded onto a TA Instruments Q800 in controlled-force
mode. In three cycles, the samples were heated to 60°C at a
heating rate of 2°Cmin~!, strained 40% at 0.03Nmin~!, and
then cooled to —5°C at a rate of 2°Cmin~! to ensure complete
fixation of the temporary shape. Samples were then unloaded
at 0.1 min~! and reheated to 60°C at a rate of 2°Cmin~! to mea-
sure the recovery ratio (R). Recovery (R,) and fixing (R;) ratios
were calculated using the equations below, where € is the strain
after unloading (fixed shape), N is the cycle number used for the
study, which is 2 in our case, € (L) is the maximum strain at
loading, and € is the remaining strain after recovery (perma-
nent strain).

R(X) = — o
R(N) = em — &p(N)
(W= N @

2.7 | Cytocompatibility Assay

To ensure cell viability would not be affected by the catalyst
used to synthesize the PUR, 5g of control PUR was dissolved in
~200mL chloroform and then precipitated using ice-cold diethyl
ether (500mL), filtered, and allowed to dry in a hood. The dry
polymer was washed in deionized water by sonicating for 7 days
and changing the water daily. PUR-SP films were made as pre-
viously outlined.

Cytocompatibility was tested on a control PUR and PUR with
0.126% (w/w) SP (maximum SP concentration) using A375
cells (passage 7). Samples were cut into small circles using a
6mm biopsy punch and washed with deionized water and PBS.
These samples were then sterilized using UV light. Cells were
maintained in DMEM supplemented with 10% FBS and 1% PS
at 37°C for 72h. Cells were seeded at 10,000cells per well in a
24-well plate for 24h at 37°C/5% CO,. Then, sterilized samples
were placed in Transwell inserts above the seeded cells. Wells
with empty inserts containing 10% ethanol in media and empty
inserts with media only were utilized as negative (cytotoxic)
and positive (cytocompatible) controls, respectively. After 24h,
the Transwells were removed, and a live/dead assay (Thermo
Fisher Scientific) was used to evaluate cytocompatibility. Live
(Calcein AM, green) and dead (BOBO-3 iodide, red) stains were
applied to the cells for ~20 min. The media was removed, and the
cells were washed with PBS three times. Cells were visualized
using fluorescence microscopy, and percent viability was then

calculated as in the equation below and later normalized to the
original seeding density.

live cells

100
live cells + dead cells X %

% cell viability =

2.8 | Analysis of Mechanochromic Behavior

2.8.1 | Activation of SP by Manual Stretching
and Heat-Based Recovery

Prior to characterization, dog bone (ASTM D638 type IV)
samples (n=>5) with a gage length of 6.25mm and a width
of 1.5mm were cut from the prepared films. These samples
were left in ambient light for 24 h and exposed to an LED light
for 1h to facilitate a full conversion of residual MC into SP.
Images of these samples were taken pre- and post-light expo-
sure to assess any visual color change. One sample was kept
unstrained, and the remaining four were heated at 95°C for
5-7min in an isothermal oven, strained to roughly 30%, 60%,
80%, and 100% using an Arduino controlled custom-made
straining device (Figure S1), and allowed to cool to room tem-
perature before removing from the straining device. Samples
were imaged with a camera before and after straining to mon-
itor any visual color changes. Samples were then imaged using
the green channel under fluorescent microscopy. ImageJ was
used to quantify the total fluorescence of each image (n=3
per sample).

To assess the effect of shape recovery on mechanochromism,
strained samples were placed in an oven at 95°C for 5min to
return the polymer to its original shape. Images were taken be-
fore and after this process to assess any visual color reversal.
Fluorescence microscopy was then used as described above to
analyze changes in fluorescence.

2.8.2 | Activation of SP Under Tensile Testing

Dog bone-shaped samples were punched from the 5HDI-SP
films and investigated under a strain rate of 10 mm min~! using
an Instron 3344 Universal Test Instrument (Norwood, MA,
USA). The samples were unloaded from the machine at different
phases of mechanical deformation and at fracture, and represen-
tative fluorescent images were taken. To determine the precise
value of the minimum strain that activates the SP, fluorescence
intensity image analysis was performed on the images using
Image J software.

2.8.3 | Ultraviolet-Visible Light Spectrophotometry

The mechanochromic response resulting from the difference in
concentration of SP in the PUR was measured as a function of
absorbance using an ultraviolet-visible light (UV-vis) spectro-
photometer (Evolution 201/220 UV-Visible Spectrophotometers
Thermo Scientific). Samples were cut (15X 8x0.037 [thickness]
mm) from the SHDI-SP films with various concentrations of SP
using a rectangular die. These samples were strained to 130%—
150% strain using the straining device to activate the SP in the
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polymer matrix. Immediately, the samples were transferred into
the UV Vis spectrophotometer using a sample holder specifi-
cally designed for this purpose. The samples were scanned from
300 to 600nm at room temperature. Unstrained samples were
analyzed as controls.

2.8.4 | Dynamic Analysis of Mechanochromism

A 5HDI-0.063%SP dog bone sample was loaded onto a TA
Instrument Q800 dynamic mechanical analyzer in controlled-
force mode. The sample was heated to 60°C at a heating rate of
2°Cmin~, strained to 40% strain at 0.03Nmin~! and cooled to
—5°C at a rate of 2°C min~! to ensure complete fixation of the
temporary shape. Samples were then unloaded at 0.1Nmin~!
and reheated to 60°C at a rate of 2°C min~! to allow for recovery.
In between the heating, straining, cooling, unloading, and re-
covery steps, the furnace was opened, and images of the sample
were captured while shining a UV lamp on it.

Changes in fluorescence in the 5HDI-SP samples during
recovery were further assessed by confocal microscopy.
5HDI-0.063%SP samples strained to 150% using the straining
device (S1) were placed in water (to reduce their T, as previously
described) [1]. The samples were mounted onto a Zeiss LSM 980
Confocal Laser scanning microscope stage heated to 45°C to
allow for recovery. Split-channel 3D imaging was carried out,
with one channel (405-525nm) capturing the inactivated (SP)
emission, while the second channel (540-725nm) was chosen
to collect the activated (MC) probe emission. Strained and un-
strained samples were imaged without the heated stage to study
changes in fluorescence.

2.9 | Biofilm Removal Assay

Samples were cut ~15X 52X 0.04 (thickness) mm from the fol-
lowing sample films: control PUR (5HDI), control PUR with
SP (5HDI-SP), bacterial protease-responsive PUR (SHDI-PEP),
and SP-functionalized bacterial protease-responsive PUR
(SHDI-PEP-SP). These samples were strained to 130%-150%
strain using the straining device and imaged using fluores-
cence microscopy. A biofilm assay was conducted according
to a previously outlined protocol [44]. Briefly, after sterilizing
the films with UV light, they were placed in 24-well plates.
LB was added to the wells together with S. aureus grown
to O.D. 0.4, and the plates were incubated for 24h. Samples
were washed with 0.85% NacCl solution, fixed with 2.5% glu-
taraldehyde for 1h, and dried with increasing concentra-
tions of ethanol. Dried samples were imaged using scanning
electron microscopy (SEM) (Jeol JSM 5600, Tokyo, Japan)
at 1500-2000x magnification and 15-20kV high vacuum.
Additionally, samples were imaged using fluorescence mi-
croscopy, and their final dimensions were measured using
calipers to determine R .

2.10 | InVitro Release of SP From PUR-SP Films

The release of SP was investigated under physiological condi-
tions. For this study, SHDI-0.063% SP and SHDI-PEP-SP films of

15x 5mm dimensions were cut from PUR-SP films and weighed
to determine loaded SP content. These samples were immersed
in 5mL of PBS and incubated at 37°C under shaking for 192h
while maintaining dark conditions. At pre-determined time in-
tervals, 1 mL of the medium was taken as the release sample and
replaced with fresh PBS. The concentrations of SP in the release
samples were measured by a micro-plate reader (Biotek Synergy
microplate reader, BioTek Instruments) at 540 nm.

2.11 | Statistical Analysis

All data is expressed as the mean+standard deviation from
triplicates for each experiment. Unpaired T-tests were used to
compare two groups while one-way ANOVA followed by Tukey-
Kramer post hoc correction was used to compare more than two
sample groups. A p-value of less than 0.05 was considered statis-
tically significant. All data were managed using Microsoft Excel
Software, and statistical analyses were done using GraphPad
Prism version 10.4.1 for Windows.

3 | Results and Discussion

3.1 | Effect of SP Incorporation on Polymer
Properties

3.1.1 | Mechanical Properties

Representative stress-strain curves of PUR-SP samples are
shown in Figure S2. Tensile testing data indicate that the addi-
tion of small quantities of SP significantly improved the mechan-
ical properties of the PURs (Figure 1). For instance, the tensile
modulus and tensile strength of the SHDI-SP samples improved
(F4,10)=[16.94], p=0.0002 and F4;0=[7.250], p=0.0052 re-
spectively) with increased SP concentration. Although the elon-
gation at break also improved with increased SP concentration,
the difference was not significant (F,,4,=[2.190], p=0.1435).
Physically crosslinking SP into our PUR enabled us to achieve
elastic films with high strength, which is relevant to our tar-
geted biomedical applications.

These improvements in mechanical properties were anticipated
due to hydrogen bonding between the urethane groups of the
PUR polymers and the hydroxy groups of SP, enabling the use
of SP as a physical crosslinker for the system [22, 46, 47]. Other
studies have found similar trends, where the addition of small
quantities of SP into a polymer matrix leads to an increase in me-
chanical properties. In these prior studies, the mechanical prop-
erties decline when more SP (> 1.5%) is added [22]. Additionally,
when the hard-to-soft segment ratio increased (e.g., from 4HDI
to 6HDI), the mechanical strength also increased due to the re-
sulting adjustment in the microphase structure, as previously
shown [16]. Thus, mechanical properties can be tuned with both
varied hard segment ratios and SP concentrations.

3.1.2 | Thermal Properties

According to the DSC thermograms (Figure S4), the T,sof PUR
samples range from 65°C to 70°C, while Tg's of the PUR-SP
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A)
ANOVA Summary
Mechanical 4HDI SHDI 6HDI
Property
F P n2 F P n2 F P n2
(4,10) (4,10) (4,10)
Tensile 77.04 <0.0001 0.9686 16.94 0.0002 0.8714 57.86 <0.0001 0.9586
Modulus
Tensile 4596 <0.0001 09484 7250 0.0052 0.7436 3.531 0.0481 0.5855
Strength
Elongation- 17.41 0.0002 0.8745 2.190 0.1435 0.4670 7.090 0.0057 0.7393
at-break
C)
1500
©
L *kkok =1 0% wiw SP
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A) ANOVA Summary
Thermal 4HDI SHDI 6HDI
Property
F P n2 F 2 2 F
(4,10) (4,10) (4,10)
T, 6291 <0.0001 09616 142.1 <0.0001 0.8714 60.81 <0.0001
T 1329 03244 0.1318 03795 08184 0.7436 118.1 <0.0001
AE 4302 0.0279 06325 5273 0.0151 0.6784 38.05 <0.0001
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FIGURE2 | Thermal properties of SP-containing PURSs. (A) One-way analysis of variance summary, (B) Glass transition temperatures, (C) Melting
temperatures, and (D) Changes in enthalpy. Mean +standard deviation displayed, n=3, ****p <0.0001 relative to control (sample without SP).

samples range from 72°C to 84°C (Figure 2b). Melting points
(T,,) range from 89°C to 91°C and 89°C to 93°C for the PUR sam-
ples and PUR-SP samples, respectively (Figure 2c). Figure 2a
shows a summary of ANOVA whereby the addition of the SP
caused an increase in T, of all samples (p <0.0001). Only the T
of 6HDI-SP samples increased significantly (p <0.0001), while
that of 4HDI-SP and 5HDI-SP remained consistent (p=0.32

and p=0.81 respectively). The AE of 4HDI-SP and 6HDI-SP de-
creased significantly (p =0.03 and p <0.0001 respectively) while
that of SHDI-SP increased (p =0.02).

The observed increase in T, with SP incorporation can be at-
tributed to the hydrogen bonding between the SP crosslinker
and the PUR polymer chains. Since SP has rigid spiro cyclic
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structures, it was expected that as the SP physical crosslinker
content increased, the PUR matrix would be more rigid, causing
the T, to rise. The rise in AE in SHDI-SP can also be attributed
to increased secondary molecular interactions [41, 48]. As the
SP content increased, there were more interaction sites for hy-
drogen bonds between SP and polymer chains. The decrease in
AE in 4HDI-SP and 6HDI-SP indicates that the SP crosslinkers
may disrupt crystal formation in PURs with lower and higher
hard segment contents. Thus, there is an optimum amount of
hard segment content in the segmented PURs for which SP acts
as a crosslinker that stiffens chains and increases crystallinity.
SP addition causes a notable decrease in enthalpy, likely due to
disruption of hydrogen bonding within the PUR as SP molecules
interfere with the strong urethane—urethane interactions in the
hard segments and disturb the microphase-separated structure
of segmented PUs, which has been previously observed in poly-
ether PURSs [49]. This disruption reduces the energy required for
thermal transitions. However, with further increases in SP con-
centration, a slight recovery in enthalpy is noted. This change
may be due to the emergence of SP-SP interactions, which serve
as physical crosslinking sites between polymer chains to par-
tially restore the thermal energy required to disrupt the sys-
tem [49].

In addition, the drop in AE in 5HDI and 6HDI samples may
be a result of increased hard segment content, which also
disrupts the microphase structure of the PUR. When hard-
segment content increases in polyether PURs, the hard seg-
ment domains interfere with the formation and mobility of
soft segment crystals. While the crystallinity of the soft seg-
ment decreases, hard segments themselves become more crys-
talline. Moreover, increasing chain extender content causes
distinct hard segment melting in DSC. Thus, with increased
hard segment content, the total AH., drops sharply because
high-enthalpy soft transitions are replaced with low-enthalpy
hard transitions [50]. All transition temperatures are above
body temperature; when PUR-SP films are used as biomate-
rials, they will be stable and will recover their primary shape
only when subjected to a controlled stimulus and/or increased
temperature above body temperature, preventing passive ac-
tuation of the SMP material after application.

3.1.3 | Shape Memory Properties

Dynamic mechanical analysis (DMA) data (Table 3) reveals
that despite the addition of the SP into the PUR, the shape R;
and shape R, were relatively consistent. While the pure PUR
samples had R; that ranged between 0.77 and 0.83, PUR-SP
samples had fixing ratios between 0.73 and 0.85. On the other
hand, R, ranged from 0.94 to 0.96 and from 0.90 to 0.96 for
PUR and PUR-SP samples, respectively. Overall, the incor-
poration of SP did not negatively impact shape memory prop-
erties based on the measured R; and R.. The shape memory
effect is driven by the thermal properties of the soft and hard
segments of the PUR polymer matrix. The material is able to
fix a temporary shape after heating and straining and return
to its original shape upon heating [51]. In addition, this free
movement of the chains back to their original shape allows
isomerization of the SP molecules.

When the material is heated to a temperature above the T
of the hard segments, the polymer becomes soft and mold-
able. Then, when strained, the SP molecules in the polymer
matrix undergo isomerization, changing from the SP to MC
structure. This transformation weakens its interaction forces
with the polymer molecular chains, allowing the polymer
soft segments to more freely rotate [24, 52, 53]. Some slight
increases in R; were observed with increased hard segment
content, which was expected due to larger numbers of hydro-
gen bonding sites in these polymers. Hard segment content
did not noticeably affect R,.

3.1.4 | Cytocompatibility

The live/dead assay performed on HDI5-PUR samples with the
highest SP concentration showed high cytocompatibility with
99%+0.2% viability (Figure 3a). When cell viability was nor-
malized to the original seeding density, all treatment groups
showed viability above 100%; meaning there was cell prolifer-
ation during the experimental period, as shown in Figure S5.
Therefore, the presence of PUR and PUR-SP did not hinder cell
growth. Although more cell-material interaction studies on the
PUR-SP are required before clinical use, this study provides ini-
tial safety proof of these materials for potential use as biosensing
materials.

3.2 | Mechanochromic Behavior of PUR Films
With SPs

3.2.1 | Influence of Polymer Hard Segment on
Mechanochromism

All strained PUR-SP samples failed to show visible color changes
in ambient light. However, the samples showed increased
brightness and fluorescence under UV light and fluorescent
microscopy and confocal microscopy (Figure 4a). Additionally,
the 4HDI-SP and 6HDI-SP samples did not show visible color
changes upon exposure to white light or UV light for 1h. In
contrast, the 5HDI-SP samples exhibited a visible color change
from yellow to pink (Figure 4b), when exposed to both UV and
white light. This change is attributed to a shift in equilibrium
between the SP (inactivated) and MC (activated) forms of the

TABLE 3 | Shape memory properties (shape fixity [R;] and shape
recovery [R |) of PUR-SP samples measuring using dynamic mechanical
analysis.

4HDI SHDI 6HDI

SP content (%) R; R R, R R, R

r r r

0 0.77 096 0.79 094 0.83 0.95
0.015 075 095 075 090 0.77 093
0.032 074 094 075 095 0.82 0.94
0.063 074 094 073 094 0.82 0.94
0.126 076 096 0.80 093 0.81 0.94
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FIGURE 3 | Cytocompatibility assay (A) cells treated with SHDI-0.0126
Mean +standard deviation displayed, n=3.
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with no strain).

mechanophore in the PUR, indicating that the unstrained
SHDI-SP provides sufficient spacing within the polymer matrix
to enable the SP-MC transformation.

The mechanochromic behavior was further investigated by
applying mechanical strain to the samples, followed by fluo-
rescent imaging. The 4HDI-SP and 6HDI-SP samples did not
show a linear pattern or clear trends in mechanochromism
with increasing strain (Figure 4c,d). This observed mechano-
chromic behavior may be attributed to the solvatochromism

displayed, n=3, **p<0.01, and ***p <0.001 relative to control (sample

phenomenon. In that case, the solvent and/or the polymer
matrix polarity could be responsible for a weak equilibrium
between the SP and the MC forms. More polar solvents and
polymer matrices have been known to displace the equilibrium
toward the MC formation [40, 54-56]. Therefore, it is possible
that 4HDI-SP samples and 6HDI-SP samples with lower and
higher matrix polarity than 5SHDI-SP samples resulted in no
color changes even when the polymer sample was exposed to
light or strained. Since the polymer hard to soft segment ratio
affects the number of hydrogen bonds available in the polymer

8of 15

Journal of Biomedical Materials Research Part A, 2025

5U80| 7 SUOWWOD dA 8.0 3|edl|dde aus Aq peueAob a1e S3oNe YO ‘88N 4O Sa|NJ Joj A%Iq 1T 8UIIUO AB]1 UO (SUOIPUOD-PUe-SWB}W0D A8 |IM"AeIq 1 julUO//Sd1y) SUORIPUOD Pue swie | 8U) 83S *[G202/60/2Z] Uo Ariqiauliuo A8|im ‘B8 Ad 6/6.€2 WA (/Z00T OT/I0p/w00" A3 1M Are.q1pul|uo//Sdny woiy papeo|umoq ‘0T ‘5202 ‘S9612GST



A) B)

Spiropyran (SP) Conversion to Merocyanine
(MC) by Strain

Strain

Recovery

Spiropyran
«» Merocyanine

‘m, PUR
-+ Hydrogen bonds

FIGURE 5

Stress (KPa)

11£0.42

| Effect of engineering strain on mechanochromism. (A) Schematic representation of PUR straining process and its induction of

16£3.32

18£1.11

23+2.18

100 300

Strain (%)

SP to MC conversion. (B) Representative stress/strain curve of 5HDI-0.063% SP film with inset fluorescent images at each stage of tensile testing.

Quantified fluorescence intensities are provided below each inset image and shown as mean + standard deviation; n=3.

matrix, the ratio of H-bond interactions between the polymer
backbone and incorporated SP could account for the variable
trends in fluorescence observed in 4HDI-SP and 6HDI-SP sam-
ples [22, 24, 39, 41]. 1t is possible that only a portion of the SP
was bonded to the polymer matrices, and a subset of incorpo-
rated SP could therefore not be activated by straining the poly-
mer. In addition, the efficiency and pathways of mechanical
force transduction across a polymer network are highly depen-
dent on both the mechanical properties and structural charac-
teristics of the polymer matrix [20]. The 4HDI-based system
exhibits a lower crosslinking density and softer mechanical
properties, which may lead to greater dissipation of mechan-
ical energy within the network. As a result, the mechanical
force may not be sufficiently transduced and applied to SP. In
contrast, the 6HDI-based system is mechanically stiffer, which
might prevent the network from achieving the optimal spacing
required for efficient activation of densely packed SP units.

In contrast, Figure 4c,d shows that SHDI-SP samples had con-
sistent trends in terms of increased fluorescence intensity with
increased SP concentration and/or strain. The SHDI-SP sam-
ples with 0.063% SP had the highest fluorescence intensity (56%
higher than unstrained samples, p <0.05) in samples that were
strained up to 130%. The SHDI-SP samples with 0.126% SP had
the lowest fluorescence intensity (32% lower than samples with
0.015% SP, p<0.05), although they showed a similar trend in
increasing fluorescence with strain. Fluorescence intensity has
been found to be directly proportional to fluorophore concen-
tration up to a certain point [20, 57-60]. When SP was mechan-
ically activated, it acted as fluorophores and absorbed light.
When the concentration of the fluorophore is high, the emitted
light is absorbed by the fluorophore, causing a decrease in the
observed fluorescence intensity. This is known as the “inner fil-
ter effect,” a phenomenon that follows the Beer-Lambert Law
[57, 61]. Therefore, at higher fluorophore concentrations, if flu-
orescence intensity is plotted against fluorophore concentra-
tion, it will begin increasing and then eventually deviate from
linearity at higher concentrations. Since the SHDI-PUR samples
showed more promising and consistent trends in fluorescence
change, these samples were chosen for further characterization
of mechanochromic behavior.

3.2.2 | Influence of Engineering Stress on
Mechanochromism

Dog bone-shaped samples were punched from the
5HDI-0.063%SP film and investigated under a strain rate of
10mms~. In Figure 5b, stress is plotted as a function of strain.
The curve is a typical stress-strain curve with a sigmoid shape
exhibiting the elastic region, softening region, strain-hardening
region, and failure. The Young's modulus, tensile strength,
and elongation at break reached as high as 490+90kPa,
11,600+ 300kPa, and 370% +45%, respectively.

The representative fluorescent images taken of the samples at
each phase of deformation are shown alongside the stress-strain
curve. As the films were stretched, their fluorescence started to
increase. Stretching above the elastic region threshold (at the
onset of deformation/plasticity) led to a sharp increase in fluo-
rescence, indicating the ring-opening transformation from SP to
MC. Figure 5a is a schematic representation of the process. As
the specimen was further elongated, the fluorescence became
slightly fainter. However, once the specimen failed, the intensity
at the fracture appears higher than that of the overall sample.
These findings are consistent with those reported by Cellini
et al. [24], Zhang et al. [47], Davis et al. [62] who previously
showed changes in color and fluorescence related to stress in
mechanochromic polymer composites.

To estimate the threshold strain ratio, we performed ImageJ
analysis of fluorescence intensity on representative images. As
shown in Figure 5b, the fluorescence intensity was low at lower
strain, then increased sharply at the onset of plastic deforma-
tion. We defined the threshold strain for SP activation as the
point with the highest fluorescence intensity (red arrow), which
under the 10 mmy/s strain rate was estimated to be 2 MPa.

Initially, during elastic deformation, tensile strain was not trans-
mitted to the SP molecule as it elongated and untangled the PUR
chains [24]. When the strain reached approximately 25%, PUR
chains began transmitting strain to the SP molecules, such that
the SP structure was converted to MC, and the fluorescence in-
creased. As the strain increased further, an increasing number
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of SP structures were transformed into MC structures, resulting
in a rapid increase in fluorescence.

Further experiments were conducted to determine the effect of
strain rate on SP activation. Data in supplemental information
(Figure S6) show that fluorescence increased with an increase
in strain rate up to 10mms~'. However, when the strain rate was
increased beyond 15mms™, the fluorescence started to decline.
This result indicates that the 10mm s~ strain rate is ideal for SP
activation. These data correspond with previous work by Kim
et al. [63], who found that SP activation was strain rate depen-
dent. They showed that the fluorescence of their mechanochro-
mic PMMA at a given strain was higher for slower strain rates,
and at a given time was higher for faster strain rates.

3.2.3 | Effect of SP Concentration on
Mechanochromism

UV-vis absorbance of SHDI-SP films was investigated before
and after straining to determine the influence of SP and strain
on the absorption spectrum. An increase in the photochromic
response was expected with increased SP concentration, where
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a higher conversion to MC was observed during straining.
However, Figure 6a,b shows that the PUR/SP maximum ab-
sorbance did not vary linearly with the SP concentration. This
nonlinearity between the maximum absorbance and SP con-
centration cannot be accounted for by the simple Beer-Lambert
law [64]. However, it is important to note that the Beer-Lambert
law is generally used to account for the absorbance of a solute
in solution. This situation is quite different, as we measured the
absorbance of a solute dissolved in a solid phase in this work.

Figure 6¢ shows that a maximum absorbance occurred at 410 and
550nm. These peaks are associated with SP and MC, respectively
[65, 66]. Further, the figure illustrates the influence of film thick-
ness on absorbance. As expected from the Beer-Lambert law, the
absorbance decreased with strain because of lower film thickness
in the strained sample. Furthermore, it is noteworthy that even if
samples were not strained, absorbance related to MC was detected,
despite efforts to prevent any activation of the mechanophore prior
to measurement. This absorbance behavior can be partially at-
tributed to the phenomenon of solvatochromism mentioned ear-
lier [56]. In that case, it is plausible that the polarity of the polymer
matrix contributes to a minor degree of photochrome absorbance
even before straining the sample [64, 67]. Further, when the area

B) 5HDI-SP Strained
2.0+
— 0% w/w SP
1.5- — 0.015% w/w SP
— 0.032% w/w SP
— 0.063%w/w SP

— 0.126% w/w SP

Absorbance
-—
o
L

e
(5]
1

0.0 T T T T 1
350 400 450 500 550 600

Wavelength (nm)

D) strained:Unstrained Peak Area (PA) Ratio

1.0 mEm SP Peak
— =3 MC Peak
0.8
(o] —
= 0.6
©
(14
< 0.4+
0.2+
0.0- T T T
0.0150 0.0320 0.0630 0.0126

SP Concentration

FIGURE 6 | Effect of SP concentration on mechanochromism. (A) Representative spectra of SHDI-SP samples with varied concentrations of

SP before strain. (B) Representative spectra of SHDI-SP samples with varied concentrations of SP after strain. (C) Representative spectra of SHDI-
SP-0.126% SP before and after straining, where both the SP and MC peaks are visible. (D) Quantified peak area ratios for SP and MC in unstrained

and strained samples.
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under SP and MC peaks was quantified, the MC peak ratios were
found to be larger in strained samples with lower concentrations
of SP (up to 0.032%, Figure 6d). These findings indicate increased
SP conversion to MC in strained samples, similarly to fluorescence
data (Figure 4d) which showed increased fluorescence in strained
5SHDI-SP samples with up to 0.063% SP, after which it plateaued.

3.2.4 | Influence of Shape Memory Process on
Mechanochromism

5HDI-0.063% SP film samples with SP were then investigated
to study how the shape memory process affects mechanochro-
mism. Figure 7a shows DMA data with images taken (I) before
heating, (II) after heating, (III) after straining and cooling, and
(IV) after heating and recovery. As shown in the inset images
of samples, strained PU/SP films displayed increased brightness
when heated and strained, as expected based on other data.
Here, we also observed reduced brightness after recovery, indi-
cating that the shape recovery process can facilitate closure to
MC to return to the SP isoform.

To confirm these results, the fluorescence of strained 5SHDI-SP
films was quantified during recovery on a heated confocal mi-
croscope stage (Figure 7b). This study showed an increase in
fluorescence in the strained sample, which was reduced during
recovery. Further validation was obtained using fluorescence
microscopy imaging (Figure 7c). Samples that were strained and
fixed in their temporary shape had increased fluorescence that
was reduced after shape recovery via heating. These experiments
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demonstrate the low fluorescence associated with the closed SP
probe. After activation with force, the SP C—O bond is cleaved,
and the photochromic probe becomes a metastable zwitterionic
highly fluorescent MC [62, 64, 68]. Upon shape recovery and
removal of forces holding chains apart that are applied during
straining and fixation, this MC is converted back to the less flu-
orescent SP form.

The mechanochromic effect in PUR-SP provides a visual indica-
tion of the shape memory process by indicating strains applied
and removed from the material during fixation and recovery.
When the material is subjected to external force, such as ten-
sile stress, the SP molecules within the PUR matrix undergo a
structural change from the ring-closed SP to a ring-opened MC
form. This change is accompanied by a brighter fluorescence
transmission. This mechanochromic effect can therefore be use-
ful in stress sensing to both monitor deformation and track the
shape recovery processes. As the material returns to its original
shape, the change in fluorescence can indicate the progress and
completion of the shape recovery. Overall, the mechanochromic
effect enhances the functionality of our shape memory PUR by
adding a visual aspect to the mechanical properties, making
them more versatile for applications in stress sensing systems.

3.3 | Effect of Bacterial Protease-Responsive Shape
Recovery on Mechanochromism

As a proof of concept, we incorporated SP into our previously
developed bacterial protease-responsive PUR (SHDI-PEP) [44].
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FIGURE 7 | Shape memory property effects on mechanochromism of SHDI-SP. (A) Dynamic mechanical analysis with images taken under UV

light during fixation and recovery. (B) Confocal microscopy images with quantified sample fluorescence during shape recovery induced by heating.

(C) Fluorescence microscopy images and quantified fluorescence intensities after straining/fixing and after heating/recovering. Mean =+ standard

deviation displayed, n=3 ***p <0.001 relative to strained sample.
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FIGURE 8 | Biofilm assay with SP-containing PURs. (A) Schematic representation of experimental process (B) SEM images of samples surfaces

showing bacterial attachment and fluorescent images after 24 h of exposure to S. aureus. Quantified percentage bacteria coverage and fluorescence

intensity (green channel) is provided above each image and shown as mean + standard deviation, n=3. (C) Percent shape recovery. Mean =+ standard

deviation displayed, n=3, ****p <0.0001 relative to control (SHD-SP sample not protease responsive).

This SMP includes a small amount of peptide in its backbone
(poly(glutamic acid)), which is cleaved by the V8 protease from
S. aureus. Our prior work shows that these SMPs are highly sta-
ble in the presence of degradative agents and mammalian cells
but undergo shape recovery in the presence of bacteria. This
shape recovery is visible, and it prevents bacteria from forming
biofilms on the PUR surface, providing a promising platform
for future use in infection surveillance and prevention. After
incorporating SP into the SHDI-PEP, we prepared strained and
non-strained (control) samples and performed a biofilm assay
with S. aureus to determine whether bacteria-responsive shape
recovery would result in mechanochromic effects. SEM images
in Figure 8b show that biofilms form on control PUR surfaces
with and without SP (SHDI and 5HDI-SP), which is similar
to our previously reported results [44]. The strained bacteria-
responsive (SHDI-PEP and 5HDI-PEP-SP) samples underwent
shape recovery after incubation with S. aureus for 24h, which
resulted in biofilm disruption and minimal bacterial attach-
ment to dressing material. Only isolated bacteria were observed
on their surfaces. Thus, the inclusion of SP into the bacterial
protease-responsive SMP does not negatively impact its biofilm
inhibition capabilities.

To assess infection surveillance potential, fluorescent images
were obtained of the samples before straining, after straining/
fixing, and after bacteria exposure, which induced shape re-
covery in the peptide-containing samples and did not affect the
control sample dimensions (Figure 8c). Fluorescence intensity
of 5HDI-SP increased after straining and reduced by ~24% after
the biofilm assay, while the SHDI-PEP-SP sample with increased
fluorescence after straining exhibited an ~40% reduction in in-
tensity after shape recovery during S. aureus exposure.

The release of SP from PUR-SP films under physiological con-
ditions was investigated by incubating the films in PBS at 37°C.

The data in Figure S7 demonstrated that ~50%-60% SP is re-
leased from the strained PUR samples and ~25%-35% SP is re-
leased from the unstrained PUR samples over this time frame.
The amount of SP released by strained and unstrained samples
was not significantly different for both the SHDI-SP and 5HDI-
PEP-SP samples (p=0.78 and p =0.31 respectively). These find-
ings demonstrate that the loaded SP molecules were relatively
stable in the polymer matrix over a period of 8 days. This stabil-
ity will help facilitate the application of the material as a sensor
biomaterial for wound dressing, which would require a one-time
use for up to 7days.

This work demonstrates that mechanochromic biomaterials
can be changed in a predictable way, providing an effective and
convenient approach to the visualization and probing of specific
biological interactions. Findings from this initial study convey
the potential to apply PUR-PEP-SP in the surveillance of infec-
tions/biofilm by a color-changing mechanism. The use of fluo-
rescence imaging to visualize changes in the material based on
deformation or recovery of the shape is an obvious limitation.
Future work will explore the use of other mechanophores in the
PUR SMP to further characterize their potential for visible color-
changing sensor applications.

4 | Conclusions

In this study, PUR-SPs with shape memory properties and
mechanochromism were fabricated by adding small quanti-
ties of SP to a previously synthesized library of biostable seg-
mented PURs with varying hard to soft segment ratios. All
PUR-SPs showed high T,'s (>80°C) and good shape memory
performance, with shape fixation and shape R, >73% and
90%, respectively. These properties are important as they
enable maintenance of temporary shape upon exposure to
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physiological conditions. Additionally, PUR-SPs showed ex-
cellent cytocompatibility (>99%). All PUR-SPs exhibited
photochromic properties. However, only 5SHDI-SP exhibited
both photochromic and mechanochromic behaviors. It turned
yellow-brown under 365nm UV light irradiation and pink-red
under white light. Tensile force resulted in increased fluores-
cence/brightness, which reduced or disappeared when the
sample was recovered with heat. Successful fabrication and
testing with S. aureus of SHDI-PEP-SP demonstrated that the
addition of stimuli-responsive components can enable specific
responses, which can allow for biomedical application in in-
stances such as in biofilm removal and infection surveillance
in chronic wounds.
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