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olymers with visible and near-
infrared imaging modalities: synthesis,
characterization and in vitro analysis†
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M. B. B. Monroea and D. J. Maitland *a

Shape memory polymers (SMPs) are promising for non-invasive medical devices and tissue scaffolds,

but are limited by a lack of visibility under clinical imaging. Fluorescent dyes are an alternative to

radiocontrast agents in medical applications, they can be utilized in chemical sensors and monitors

and may be anti-microbial agents. Thus, a fluorescent SMP could be a highly valuable biomaterial

system. Here, we show that four fluorescent dyes (phloxine B (PhB), eosin Y (Eos), indocyanine green

(IcG), and calcein (Cal)) can be crosslinked into the polymer backbone to enhance material optical

properties without alteration of shape memory and thermomechanical properties. Examinations of

the emission wavelengths of the materials compared with the dye solutions showed a slight red shift

in the peak emissions, indicative of crosslinking of the material. Quantitative analysis revealed that

PhB enabled visibility through 1 cm of blood and through soft tissue. We also demonstrate the utility

of these methods in combination with radio-opaque microparticle additives and the use of laser-

induced shape recovery to allow for rapid shape recovery below the glass transition temperature. The

crosslinking of fluorescent dyes into the SMP enables tuning of physical properties and shape

memory and independently of the fluorescence functionality. This fluorescent SMP biomaterial

system allows for use of multiple imaging modalities with potential application in minimally invasive

medical devices.
Introduction

Shape memory polymers (SMPs) show promise for use as
minimally invasive medical materials.1–10 SMPs can be pro-
cessed into a variety of geometries, including highly porous,
ultra-low density foams.1,2 A range of SMPs have been proposed
for use in medical applications, and polyurethane SMPs are of
particular interest due to their excellent biocompatibility.3–10

Polyurethane SMP foams have demonstrated rapid, stable
blood clot formation, superior immune response compared
with polypropylene and silk, and tunable shape recovery for
void lling.10,11 These foams have been proposed for use in
several medical device applications, including aneurysm
occlusion, peripheral occlusion, and vascular and coronary
gras.3–10 While SMP foams show signicant promise, a draw-
back of polymer biomaterial systems is the limitations on in vivo
imaging.5,12 Clinically, the most frequently used imaging
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tion (ESI) available. See DOI:
modality is X-ray angiography using uoroscopy.13–17 Previously,
we incorporated radio-opaque microparticle additives and
demonstrated an enhancement in SMP foam X-ray opacity
superior to that of a commercially-available endovascular
occlusion device, a platinum Guglielmi detachable coil (GDC).12

While X-ray uoroscopy is a powerful technique, it poses
signicant patient and technician risks due to the use of
ionizing radiation.13–17 The development of medical materials
that do not rely on uoroscopy can reduce these risks.13–17

Fluorescence-guided procedures are widely used in
ophthalmic examinations, such as retinal angiography. They
have been shown to improve clinical outcomes and are gaining
popularity in a variety of applications.18–22 Fluoresceins and
near-infrared (NIR) dyes have been utilized clinically for uo-
rescent imaging applications, and demonstrated excellent
biocompatibility and clearance by the body.23–25 We investigated
two imaging methods, NIR uorescence (700–1000 nm) and
visible light uorescence, due to the transparency windows of
human tissues to certain light wavelengths. Namely, the uo-
rescence spectra reported for aqueous phloxine B (PhB) has
emission peaks between 530 nm and 570 nm. Eosin Y (Eos) has
emission peaks between 515 nm and 540 nm. These emission
tails (600 nm) correspond to wavelengths that have reasonable
transmission through so tissue and blood. NIR dyes, such as
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The monomers dye molecule structures are shown: (A)
Phloxine B (PhB), (B) Eosin Y, (C) indocyanine green (IcG), (D) calcein.
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indocyanaine green (IcG, emission at +800 nm), offer another
method of optically viewing SMPs in the body, as there is an
optical window of minimal absorption in human tissue from
approximately 700 nm to 900 nm.26–31

Inclusion of uorescent moieties can potentially enhance
additional functionalities, such as antimicrobial properties,
sensing, or medical device analysis. PhB and Eos are two inex-
pensive uorescein derivatives that possess reactive sites, and
they are used as cosmetic and drug additives in the United
States and as food additives in Japan. These dyes have been
found to be antimicrobial due to the halogenation of the ben-
zoic acid moiety and the production of singlet oxygen and
reactive oxygen species with light interaction.32–34 The use of
photodynamic treatments with these molecules has been
shown to reduce both antibiotic-susceptible and methicillin-
resistant Staphylococcus aureus (MRSA) cultures, which are of
concern for device-transmitted infections.35–41 IcG has also been
demonstrated as an antimicrobial dye, and has been utilized
with polyurethanes as a method of reducing MRSA infection.
Additionally, uorescein molecules have been indicated for
their antioxidant roles in preventing the development of reac-
tive oxygen species predecessors.

Fluorescence has found use in polymer systems for
temperature/chemical sensors and imaging particles.42–45

Despite the use of uorescent dyes in a range of applications,
they have not been widely utilized in SMPs for medical devices.
In such devices, the enhanced uorescence could allow for
imaging through blood/solid tissue, as well as for self-cleaning
and degradation resistance. Previous efforts to include uo-
rescent molecules into biomaterial systems via physical
dispersion into the bulk polymer have resulted in inconsistent
dye dispersion. Scaffolding techniques, such as electro-
spinning, have been shown to reduce dispersion issues.12

Previously, Torbati et al. reported the synthesis of uorescent
SMPs in an electrospun web by physically adding IcG to the
polymer.12 The use of high speed mixing can promote homo-
geneous dispersion of dye throughout polymeric materials
prior to foaming without the need for additional processing
steps, as has been previously shown with nanocomposites.46

Our group previously physically incorporated IcG dyes into
SMPs to enable laser shape memory actuation.47–49 However,
the incorporation of IcG into polyurethane foams, even when
well-dispersed in the polymer, has been shown to signicantly
reduce mechanical properties (up to 60% reduction in
elasticity).34

To prevent negative effects on foam properties, we have
covalently incorporated in-chain uorescent dyes into our SMP
foams. The methods reported here are focused on PhB, Eos,
IcG, and calcein (Cal). The covalent crosslinking of dye has also
been conrmed with rhodamine and sulfarhodamine, and
these methods could be applied to alternate dyes that have
similar functional groups. The physical, thermal, mechanical,
and optical properties of uorescent SMP foams with and
without the inclusion of additional radio-opaque microparticles
are examined. Focus is placed on PhB due to its superior in vitro
imaging performance, and IcG for potential as a remotely-
actuated SMP using applied NIR light.
This journal is © The Royal Society of Chemistry 2017
Materials and methods
Materials

All chemicals were purchased from Sigma Aldrich and used
without modication or cleaning, unless otherwise stated.
N,N,N0,N0-Tetrakis(2-hydroxypropyl)ethylenediamine (HPED,
99%), triethanolamine (TEA, 98%, Alfa Aesar), and 2,2,4-tri-
methyl hexamethylene diisocyanate (TMHDI, TCI America,
a mixture of 2,2,4 and 2,4,4 monomers) were used as mono-
mers. Ethyl isocyanate (98%, Sigma) was used for conrming
urethane syntheformation. Fluorescent monomers, shown in
Fig. 1, PhB (99%), Eos (99%), IcG (95%), and Cal (99%) (Chem-
Impex Int'l Inc.) were identied as having functional groups
that react with isocyanate groups similarly to alcohol groups,
and were added without modication. All reactive monomers
are shown in Fig. 1. The additives barium sulphate (BaSO4,
particle size of 3 mm, 99%), zirconium oxide (ZrO2, particle size
of 5 mm, 99%), and tungsten (W, particle size > 1 mm, 99.95%,
Alfa Aesar) were used without modication.
Synthesis

TEA, HPED and TMHDI were reacted to form a prepolymer
mixture with an excess of isocyanates, in a process described
elsewhere.2,42 The prepolymer was later reacted with residual
alcohols and the uorescent monomers during the foaming
process.50,51 The uorescent monomers were added at 1.000,
0.500, 0.050, 0.010 and 0.001 wt%. For the composite materials,
physical additives were added with the nal alcohols and uo-
rescent monomers (0.050 wt% uorescent monomer). Physical
additives were added at 1 and 4 vol%, as well as 10 vol% for
ZrO2. Foams were evaluated for homogenous pores before
cleaning and processing. Aer cleaning, foams were dried and
stored with desiccant in a sealed container.

To conrm the formation of urethanes, stoichiometric
amounts of dyes and ethyl isocyanates were allowed to react
overnight; urethane formation was conrmed by NMR (Mercury
300, Varian Inc, Palo Alto, CA).
Bulk material characterization

Bulk foam characteristics were quantied and compared with
nonuorescent (control containing no uorescent molecules in
the polymer, no uoro) SMP foams.
RSC Adv., 2017, 7, 19742–19753 | 19743
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Foam cell structure was determined by cutting axial and
transverse samples that were examined using scanning electron
microscopy (SEM). Samples were mounted onto a stage and
sputter coated with gold using a Cressington Sputter Coater
(Ted Pella, Inc., Redding, CA) for 60 seconds at 20 mA. Samples
were then examined using a Joel NeoScope JCM-5000 SEM
(Nikon Instruments Inc., Melville, NY) at 11� magnication
and 15 kV under high vacuum.

Dynamic mechanical analysis (DMA) was used to conduct
thermomechanical analysis using a Q800 TA DMA (TA Instru-
ments, New Castle, DE). Five cylindrical samples (6 mm diam-
eter, 5 mm length) of each concentration were examined. Dry
temperature sweep samples were equilibrated at 20 �C for
een minutes and then ramped to 120 �C at a rate of 2 �C
min�1. The storage modulus (E0) and the loss modulus (E00) were
used to determine the peak tan d(E0/E00), with the maximum
value recorded as the dry Tg.51 Wet samples were examined
using previously reported methods, which discusses the
immersion apparatus and methodology in greater detail.42 In
short, samples submerged for ve minutes in 50 �C reverse
osmosis (RO) water, and were then equilibrated at 25 �C fol-
lowed by heating at a rate of 1 �C min�1 to 70 �C. The temper-
ature of the tan d maxima was recorded as the wet Tg.51

Differential scanning calorimetry (DSC) was also used to
measure both wet and dry Tg using a Q-200 DSC (TA Instru-
ments, Inc., New Castle, DE). Samples of approximately 5.0 mg
� 1.0 mg were sealed in TZero aluminium pans and placed in
the heating cell. The test prole was as follows: equilibration at
�40 �C, heating to 120 �C at 10 �Cmin�1, cooling 10 �Cmin�1 to
�40 �C and holding for 5 minutes, and a nal heating to 120 �C
at 10 �C min�1. The half-height transition of the nal heating
cycle was the reported Tg. Wet samples were weighed and sealed
in the same manner, and were then heated from �40 �C to
80 �C.

Thermogravimetric analysis (TGA) was performed using a TA
Q50 TGA (TA Instruments, New Castle, DE). Heating at a rate of
10 �C min�1 from 20 �C to 500 �C was performed under a mixed
atmosphere with a total ow rate of 100 mL min�1 (60 mL
min�1 oxygen, 40 mL min�1 nitrogen). Samples were examined
for degradation temperature and percentage mass lost.

Uniaxial tensile testing was performed on ASTM d638 IV
samples using an Insight 30Material Tester (MTS Systems Corp,
Eden Prairie, MN). The extension rate was set to 5 mmmin�1 at
room temperature, and twelve samples were tested for each
species. Elastic modulus, strain to failure, ultimate tensile
strength, and toughness were examined for non-uorescent
foams and the highest dye-loaded samples.
Shape recovery characterization

Shape recovery of bulk foam samples crimped over a wire was
examined at 50 �C in RO water to determine the volume recovery
behavior (strain recovery). Cylindrical samples (6 mm diameter
and 10 mm length, six samples per series) were crimped to
a minimal diameter using a SC150-42 Stent Crimper (Machine
Solutions, Flagstaff, AZ). The samples were equilibrated at
100 �C for tenminutes and then radially compressed and cooled
19744 | RSC Adv., 2017, 7, 19742–19753
to room temperature. Aer reaching room temperature,
samples were allowed to relax for 12 hours before testing over
the course of 30 minutes. Image J was used for analysis of the
change in diameters over time.

To assess laser actuation proles, SMP foams with 0.500%
IcG were cut to a diameter of �6 mm and radially compressed
over a cleaved tip optical ber (200/220/239 mm core/cladding/
buffer) using a stent crimper. Compressed samples were
immersed in a beaker of RO water at 39 �C and allowed to
thermally equilibrate before testing. An 810 nm continuous
wave (CW) laser was red at 3 W to actuate the foam. Images
were taken before and during expansion.

Spectroscopic analysis

Attenuated total reectance Fourier transform infrared spec-
troscopy (ATR-FTIR) spectroscopy was used to determine any
spectroscopic changes to the bulk material, although no
signicant changes were expected. ATR-FTIR spectra were taken
using a Bruker ALPHA infrared spectrometer (Bruker, Billerica,
MA) using 32 scans per spectra for both background and
samples. Spectra data was collected in absorption mode with
a resolution of 4 cm�1. OPUS soware was used to examine
spectra, identify peaks, and perform baseline and atmospheric
corrections. Examinations were performed in triplicate to
conrm results. The obtained spectra were compared to the
SMP without dye and to previously reported spectra.30,31

Optical characterization

Foams were examined both qualitatively and quantitatively.
Cylindrical foam samples of 6 mm diameter and approximately
3 cm length were compressed along monolament line and
stretched in a custom frame. X-ray and uorescence images
were taken of each sample.

X-ray images were acquired on a Bruker In-Vivo Xtreme
multimodal preclinical imaging system (Bruker BioSpin Corp.,
Billerica, MA) outtted with a 4 MP back-thinned, back-
illuminated 4 MP CCD detector.42 X-rays were collected with
an exposure time of 1.0 s; f-stop ¼ 1.40; FOV ¼ 153.0 mm;
vertical and horizontal resolution¼ 377 ppi; and X-ray energy¼
45 KVP. Images were processed using Bruker molecular imaging
soware. Background was subtracted using an illumination
correction reference obtained under the same conditions. To
quantify the radio-opacity for each material, a length of 0.48 cm
was selected in the X-ray image as the region of interest. 68
samples of X-ray density (X.D.) were collected within the region
of interest utilizing Bruker Molecular Imaging Soware. From
these measurements, a mean and standard deviation of the X.D.
was calculated.

Fluorescence wavelengths were examined using a Fluoromax
Fluorometer (Horiba UK Limited, Middlesex, UK). Non-
uorescent foams, 0.010% samples, composite samples and
particles in solution were assessed to determine emission
wavelength maxima. Selected excitation wavelengths were
determined from literature and conrmed by excitation scans;
PhB was excited with approximately 515 nm, Eos with 545 nm,
IcG with 795 nm, and Cal with 490 nm.52
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM of SMP foams: (A) non-fluorescent control, (B) 1.0% PhB, (C) 1.0% Eos, (D) 1.0% IcG, and (E) 1.0% Cal.
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To quantify uorescence, images were acquired on a Bruker
In-Vivo Xtreme multimodal preclinical imaging system. Image
acquisition times and conditions were optimized for each u-
orophore, with collection conditions as follows: PhB ¼ 0.95 s,
lex ¼ 515 nm, and lem ¼ 560 nm; Eos ¼ 0.95 s, lex ¼ 520 nm,
and lem¼ 600 nm; IcG¼ 4.1 s, lex¼ 730 nm, and lem¼ 830 nm;
and Cal ¼ 1.25 s, lex ¼ 480 nm, and lem ¼ 535 nm. For all
images the f-stop ¼ 2.0, FOV ¼ 190.0 mm, and vertical and
horizontal resolution ¼ 273 ppi. Images were processed using
Bruker molecular imaging soware. Background was sub-
tracted using an illumination correction reference obtained
under the conditions noted for each sample. To quantify the
uorescence signal, a length of 0.63 cm was selected along the
longitudinal line of eachmaterial within the uorescence image
Fig. 3 Mechanical properties of fluorescent SMPs, with elastic moduli (
displayed. Mean � standard deviation displayed, n ¼ 8.

This journal is © The Royal Society of Chemistry 2017
as the region of interest. Each region of interest is equal to 69
measurements of uorescence intensity (I). From these
measurements, the mean and standard deviations of uores-
cence intensity were calculated.

In vitro imaging

PhB samples were selected for in vitro testing due to their high
uorescence, quantum yields, and NIR tail emission. PhB
samples in cubic (1 cm � 1 cm � 1 cm) and radially
compressed geometries were utilized for optical characteriza-
tion. Porcine blood, obtained as a part of an existing tissue
share program with the Rosenthal Meat Science and Tech-
nology Center at Texas A&M University (College Station, TX),
was treated with sodium citrate to prevent clotting. All blood
A), strain to failure (B), toughness (C), and ultimate tensile strength (D)

RSC Adv., 2017, 7, 19742–19753 | 19745

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28165f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 9
:3

7:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
used in this study was obtained from animals euthanized for
purposes unrelated to this work. SMP samples were imaged
using an Olympus Fluoview 1000 laser scanning confocal
microscope (LSCM) (Olympus America Inc, Center Valley, PA),
and were excited at 543 nm utilizing <1%maximum intensity. A
band pass lter (555 nm to 650 nm) with a monochromator and
PMT was used for signal collection. The excitation and collec-
tion objective was 10�. PhB samples were placed in a Petri dish
and completely submerged in blood. The excitation wavelength
of 515 nm was passed from the bottom of the dish (approxi-
mately 0.5 cm path length) through the foam.

Crimped foams of 0.050%, 0.500% and 0.886% PhB were
placed in a Petri dish and excited under ambient light with a 3
mW 450 nm LED. They were then submerged in approximately
1 cm of blood, and the procedure was repeated. Qualitative
observations of visible uorescence were recorded.

Poultry tissue (1 cm thickness, obtained from the local
grocery store) was used to examine visualization through so
tissue. Compressed samples used in previous studies were
imaged through the tissue using the same experimental
parameters detailed earlier for the Bruker In-Vivo Xtreme
multimodal preclinical imaging system.
Fig. 4 (A) Shape recovery of control (no fluoro) and fluorescent SMP
foams in 50 �C RO water. (B) Images of IcG foam (wet Tg of approxi-
mately 50 �C) laser actuation: IcG foam (i) threaded over a fiber optic,
(ii) crimped to approximately 0.8 mm, (iii) placed in a water beaker at
39 �C to equilibrate, (iv) expanded using an 810 nm laser in water, and
(v) after removal from water.
Results and discussion
Bulk material characterization

SEM images of the SMPs are shown in Fig. 2, with no distinct
differences between the pore morphology or membranes for the
control material (no uoro) and uorescent SMPs foams. PhB
and Eos displayed similar morphology to the control SMP. IcG
and Cal-containing foams displayed decreased pore size and
increased pore rupturing. Thermal analysis demonstrated no
signicant alterations to the Tg (approximately 90 � 2 �C dry Tg
and 55 � 2 �C wet Tg by DMA; approximately 65 � 2 �C dry Tg
and 48� 1.5 �C wet Tg by DSC). These nominal deviations in the
physical characteristics demonstrate that the inclusion of the
PhB and Eos dyes do not signicantly alter the bulk material.
While greater examination of solvent-thermal shape recovery is
beyond the scope of this work, previous studies have found that
the signicant relaxation of the similar SMPs correlates well
with decreased Tgs presented here.42,53 TGA traces revealed
a slight increase in degradation onset temperature for foams
with dye compared to the control material. The control material
had an onset degradation temperature of approximately 240 �C,
while the dye-containing materials had onset temperatures of
approximately 255 �C. A urethane peak at approximately
157 ppm, and the characteristic aliphatic urethane formation
was conrmed by FTIR.

Tensile testing, Fig. 3, demonstrated that PhB SMPs are the
most similar to the control in terms of tensile properties. Cal
inclusion resulted in the greatest material alterations, with
more than double the elastic modulus and approximately half
the tensile strength, strain to failure, and toughness relative to
the control. While these results indicate an effect of dye addi-
tion on SMP mechanical properties, some variations can be
attributed to discrepancies in pore sizes. Pore size variation is
19746 | RSC Adv., 2017, 7, 19742–19753
caused both by dye additives and by minute variations in the
foam synthesis.
Shape recovery characterization

It was also necessary to determine if the dye altered the foam
shape recovery kinetics. Bulk expansion behavior of the uo-
rescent foams is shown in Fig. 4A. Recovery kinetics and volume
of the PhB SMP were most similar to the control sample. Eos
inclusion caused decreased time to actuation (faster recovery)
and the Cal-containing SMP had reduced nal volume. Despite
these minor variations, all SMPs had relatively similar shape
recovery behaviors.

Utilization of these materials in more rigorous in vitro
scenarios as well as in vivo is necessary for conrmation of their
potential for use in medical devices. No IcG-containing foam
expansion was observed over the ve minute equilibration time
at body temperature, which was expected based on previous
data as well as the wet Tg of the SMP (48 �C by DSC).42 Fig. 4B
shows the IcG foam sample threaded over a ber optic,
compressed to a minimal diameter, and expanded in a water
bath using 810 nm laser irradiation, which opened the foam to
a maximum diameter of 4 mm. Volume recovery was much
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Imaging analysis of PhB-containing SMPs. (A) Mean X-ray density and (B) fluorescence image overlaid with X-ray image, with fluorescence
intensity denoted colormetrically (scale bar) and X-ray intensity denoted by gray scale.
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lower (approximately 50%) with laser actuation, but time to
recovery was greatly increased (within seconds). Fig. 4Bv shows
the nal shape aer actuation and removal from water. This
experiment was repeated using PhB-containing foams using
810 nm laser light exposure. PhB-containing foams demon-
strated laser-actuated shape recovery but with substantially
lower strain recovery (approximately 20%).
Optical characterization

The uorescence of PhB-containing materials was examined to
determine if dye crosslinking into the foam had an effect on
emission or excitation wavelengths relative to those of aqueous
dye solutions. A slight red shi in the dye emission wavelength
was observed, which was attributed to crosslinking the dye into
the polymer backbone and polarizing the uorescent molecule.
Slight variations in the emission spectra were also observed in
the bulk materials relative to dye solutions, but the peak
structures were not altered.

Imaging of the PhB-containing materials, shown in Fig. 5,
qualitatively demonstrated that 0.5% PhB loading resulted in
the highest uorescence intensity. The inclusion of ZrO2 and
BaSO4 llers increased the uorescence emissions of PhB-
containing foams compared with the 0.01% PhB foam
without additives.
This journal is © The Royal Society of Chemistry 2017
Quantication of uorescence intensity showed that the
standard materials, the GDC coil and Pt coil, did not possess
notable uorescence. The uorescence intensities presented in
Fig. 6 demonstrate dramatic variations in maximum achievable
uorescence intensity for each dye species. PhB combined with
4% BaSO4 demonstrated the strongest emissions (30 496 units).
Comparatively, 4% BaSO4 with Eos, IcG, and Cal had emissions
of 9955, 1355, and 1216 units, respectively. The 4% ZrO2 SMP
composite with PhB, Eos, IcG, and Cal emitted 25 356, 11 502,
2722, and 2167 intensity units, respectively. The W composites
had relatively low emissions with all of the tested dye additions.
In vitro characterization

Fluorescent images of PhB-containing cubes and cylinders are
shown in Fig. 8. The emittance was collected between 540 and
620 nm. The emittance on the unlled sample in Fig. 7A is due
to the intensity of the uorescence from the 0.889% foam, not
autouorescence, as determined via imaging individual
samples. The emittance a 0.5 cm thick sheet of foam when
excited by a 540 nm light source is shown in Fig. 8B. The lower
three loading concentrations did not emit sufficiently to be
visible when compressed. Thus, Fig. 7C and F include the three
highest concentration samples compressed and imaged in air
and in blood, respectively. The crimped 0.05% PhB device is
RSC Adv., 2017, 7, 19742–19753 | 19747
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Fig. 6 Fluorescence quantification of the examinedmaterials. Mean fluorescence intensity wasmeasured for each species from 0.001 to 1.000%
loading concentrations, and at 0.01% dye loadingwith 4%microparticle loadings. Negative controls (GDC coil, Pt coil, and non-fluorescent foam)
are denoted by dashed line at an intensity of approximately 220 units. (A) PhB, (B) Eos, (C) IcG, and (D) Cal. Mean� standard deviation displayed (n
¼ 68).
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shown submerged in approximately 1 cm of porcine blood,
excited from beneath the blood and glass, collected using a red
channel of a three color CCD camera with background sub-
tracted. Fig. 7E shows the relative emissions of the uncom-
pressed PhB samples (e.1: 1.0%, e.2: 0.500%, and e.3: 0.01%
PhB loading) submerged in 2 cm of blood, with emissions
collected over a 540–620 nm range.

The imaging of SMPs through so tissue also indicated that
the inclusion of low concentrations of PhB (0.01%) in the
presence of ZrO2 or BaSO4 allows for visualization (Fig. 7G–K).
As expected from the previous uorescence examinations, the
use of W resulted in no quantiable uorescence emissions,
ZrO2 was more effective at lower concentrations, and BaSO4

resulted in the greatest increase in emission intensity. This may
be due particles enhancing backscattering, as well as the
absorbance of the excitation wavelengths (W vs. ZrO2 and
BaSO4). It is also expected that with higher loading of PhB
(0.5%) would achieve similar results.

Examination of the uorescent behavior in blood demon-
strated the potential for imaging these materials in medical
19748 | RSC Adv., 2017, 7, 19742–19753
applications. Confocal microscopy, Fig. 8, conrmed homoge-
nous emission from the foam struts, which could be distinctly
visualized through blood. The emission spectra using a 515 nm
excitation light source is given in Fig. 8A, and the foam strut
from where it was obtained is shown in Fig. 8B. The struts
appear to have uniform uorescence, with no dark or saturated
sections.

Emission peak shis of dye-containing SMPs compared with
dye solutions were as expected due to the additional stress on
the dye molecules aer crosslinking into the polymer
compared.54 This phenomenon also explains the variations seen
in the uorescence intensities when comparing dye-containing
composite and standard materials. In general, the radiopaque
additives ZrO2 and BaSO4 enhanced uorescence (Fig. 6), which
could be due in part to particle size, dispersion throughout the
materials, and their ability to absorb/reect light. W, as a darker
material, would absorb light rather than reecting it, preventing
the visualization enhancement that occurred with ZrO2 and
BaSO4. Additionally, the mid-concentration peak uorescence
of Eos and Cal foams indicate a dye self-quenching mechanism
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Foam fluorescence of exposed (air) and submerged (blood) PhB-doped foams (A–F) and through tissue (G–K). (A) 1 cm3 cubes with
1.000–0.000% PhB (clockwise) with 485 nm excitation and 540 to 620 nm collection; (B) 2 mm-thick 0.010% PhB foam imaged with 540
excitation through a 560 nm longpass filter; (C) crimped SMPs from 1.0% (e.1), 0.5% (e.2) and 0.01% (e.3) PhB (bottom to top) with 485 nm
excitation and 540 to 620 nm collection; (D) crimped 1.0% PhB device under approximately 1 cm of blood excited under ambient light with a 3
mW 450 nm LED and collected as the red channel of a three color CCD camera (background subtracted); (E) emission of 1 cm3 cubes of 1.0%
(e.1), 0.5% (e.2) and 0.01% (e.3) PhB foams submerged under approximately 2 cmof bloodwith 485 nm excitation and 540–620 nm collection; (F)
emission of crimped SMPs with 1.0%, 0.5%, and 0.01% PhB (bottom to top) under approximately 1 cm of blood with 485 nm excitation and 540–
620 collection. PhB (0.1%) and composite SMPs with PhB (0.1%) were imaged through soft tissue, with the image overlayed with the fluorescence
emission denoted colormetrically to examine intensity. SMP control and PhB-SMP are compared (G) to 4% W and 4% W with PhB (H), which
displayed minimal fluorescence. The use of 10% ZrO2 (I), 4% ZrO2 (J) and 4% BaSO4 (K) is also presented, with the broad emission patterns
attributed to the experimental design, which did not prevent backscattering (no tissue laid over the SMPs).
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with increased concentrations, Fig. 6C and D.36In vitro testing
conrms that inclusion of PhB in the foams does not alter its
uorescent emissions in atmosphere or when submerged in
blood. Visualization could potentially be improved by the lack
of backscattering during implantation, which would contribute
to a decreased signal. This method could be useful for imaging
and recording tissue ingrowth into the material over time. The
in vitro data demonstrates ease of visualization for both
compressed and expandedmaterials, which broadens the utility
for such applications; radio-density analysis of tissue growth in
similar porous structures would only be possible in very dense,
compressed materials that have not undergone shape recovery
to the expanded shape. Further work is required to conrm this
hypothesis, with additional conrmation required for the use of
other dyes through blood and so tissue.
This journal is © The Royal Society of Chemistry 2017
Laser-actuated SMP materials possess favorable properties
for intravascular medical device applications and minimally-
invasive procedures. As shown by the expansion experiments
and in vitro tests, these materials do not expand on a clinically-
relevant timescale when submerged in water at body tempera-
ture. Thus, an external, or active, actuation mechanism is
required.55,56 In this application, these materials are actuated as
a result of heating a dopant (dye) via laser absorption. This
method offers advantages over passively actuated SMPs that
actuate at body temperature, as the polymer will not recover to
its original shape without active stimulation within the body.
The material can be placed into a desired location without
limitations on procedure time or risk of premature device
expansion. In the examined method, no diffuser was used for
the laser light, and thus the proximal and distal ends did not
RSC Adv., 2017, 7, 19742–19753 | 19749

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28165f


Fig. 8 (A) 0.01% PhB foam struts, taken by confocal microscopy through 0.5 cm of porcine blood. (B) Emission spectra taken at the arrow in A,
using 515 nm light for excitation.
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recover. By including a method of diffusing the stimuli
throughout the SMP, rather than localizing it to the end of the
ber-optic, we hypothesize that recoverable volume would
increase for the entire SMP.

Previously, we examined the use of physical additives in SMP
foams, demonstrating the enhancement of radio-opacity
through microparticle additives that did not signicantly alter
thermomechanical properties.42 We show here that this func-
tionality can be simultaneously exploited along with uores-
cence or NIR emissions as an additional mode of imaging
materials. While $50% attenuation can occur over 5+ cm of
tissue, use of NIR light in the human head has indicated that
light is still detectable through hard tissue, such as bone, and
other so tissues, including cerebrospinal uid, cerebral cortex,
and skin.57 Optimization of the IcG inclusion in the material
could allow for imaging through hard tissue, with IcG concen-
tration and SMP crimping playing a large role in the emission
intensity and wavelengths.12 Moving forward, we believe that
these materials can be utilized as SMPs with uorescent
imaging and a potential anti-microbial functionality. Addi-
tionally, these materials could be utilized to promote biomate-
rial stability, as uorescein molecules have been indicated for
their antioxidant roles in preventing the development of reac-
tive oxygen species predecessors.33 These materials also have
potential as an alternative method of analyzing medical poly-
mers via uorescent microscopy, as well as for chemical sensors
or for monitoring degradation.58 Future studies will examine
the anti-microbial and degradation properties of these uores-
cent SMPs. Additionally, this controlled behaviour could be
useful for incorporating drug release capabilities, as demon-
strated in similar studies using photothermal release from
outside of the tissue, or for sensing changes in the in vivo
environment.59–61
Conclusions

This study shows that the inclusion of uorescent and NIR dyes
into SMP polyurethane foams does not signicantly alter the
19750 | RSC Adv., 2017, 7, 19742–19753
thermomechanical, shape memory, or mechanical properties
(with the exception of Cal producing a more brittle material).
Covalent crosslinking of dye was demonstrated with PhB, IcG,
Eos, and Cal, and is possible for rhodamine and sulfarhod-
amine as well. PhB and IcG showed the most potential as
modiers for SMPs. These materials show promise as medical
materials, as they can be synthesized to include multiple optical
modalities using physical additives and low dye concentrations.
The in vitro testing of these materials provides an initial indi-
cation of their promise for optical visualization through so
tissue without the utilization of harmful X-rays or radiation
methods. This work offers an alternative means of implanting
and/or viewing implanted devices and materials.
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