
R E S E A R CH A R T I C L E

In vitro and in vivo degradation correlations for polyurethane
foams with tunable degradation rates

Anand Utpal Vakil1 | Natalie Marie Petryk1 | Changling Du1 |

Bryanna Howes2 | Darnelle Stinfort3 | Serenella Serinelli4 | Lorenzo Gitto4 |

Maryam Ramezani1 | Henry T. Beaman1 | Mary Beth Browning Monroe1

1Department of Biomedical and Chemical

Engineering and BioInspired Syracuse, Institute

for Material and Living Systems, Syracuse

University, Syracuse, New York, USA

2Department of Chemistry, Le Moyne College,

Syracuse, New York, USA

3Biotechnology Program, Syracuse University,

Syracuse, New York, USA

4SUNY Upstate Medical University, Syracuse,

New York, USA

Correspondence

Mary Beth Browning Monroe, Department of

Biomedical and Chemical Engineering,

BioInspired Syracuse, Institute for Materials

and Living Systems, Syracuse University,

318 Bowne Hall, Syracuse, NY 13244, USA.

Email: mbmonroe@syr.edu

Funding information

Air Force Research Laboratory, Grant/Award

Number: FA8650-18-2-6978

Abstract

Polyurethane foams present a tunable biomaterial platformwith potential for use in a range

of regenerative medicine applications. Achieving a balance between scaffold degradation

rates and tissue ingrowth is vital for successful wound healing, and significant in vivo test-

ing is required to understand these processes. Vigorous in vitro testing can minimize the

number of animals that are required to gather reliable data; however, it is difficult to accu-

rately select in vitro degradation conditions that can effectively mimic in vivo results. To

that end, we performed a comprehensive in vitro assessment of the degradation of porous

shape memory polyurethane foams with tunable degradation rates using varying concen-

trations of hydrogen peroxide to identify the medium that closely mimics measured in vivo

degradation rates. Material degradation was studied over 12 weeks in vitro in 1%, 2%, or

3% hydrogen peroxide and in vivo in subcutaneous pockets in Sprague Dawley rats. We

found that the in vitro degradation conditions that best predicted in vivo degradation rates

varied based on the number of mechanisms by which the polymer degraded and the poly-

mer hydrophilicity. Namely, more hydrophilic materials that degrade by both hydrolysis

and oxidation require lower concentrations of hydrogen peroxide (1%) to mimic in vivo

rates, while more hydrophobic scaffolds that degrade by oxidation alone require higher

concentrations of hydrogen peroxide (3%) to model in vivo degradation. This information

can be used to rationally select in vitro degradation conditions that accurately identify

in vivo degradation rates prior to characterization in an animal model.
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1 | INTRODUCTION

The use of degradable biomaterial scaffolds for tissue regeneration

allows cells surrounding the implant site to attach, proliferate, and

generate new tissue as the scaffold degrades away.1–7 This

approach can eliminate complications associated with scaffold

removal after healing. Thus, matching scaffold degradation and tis-

sue regeneration rates is crucial for effective regeneration. Scaffold

degradation that is too slow relative to tissue regeneration can hin-

der growth of new blood vessels and tissues, while degradation
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that is too rapid could cause scaffold failure before adequate tissue

scaffolding is in place.

In biodegradable scaffolds, the diffusion of nutrients and oxygen

can be improved by incorporating interconnected pores.8,9 Further-

more, the ability to safely implant scaffolds is crucial, particularly in

irregularly shaped defects. Effective implantation can be achieved

with porous shape memory polymers (SMPs). A porous SMP scaffold

can be initially deformed and stored in a low-profile shape that is easy

to implant. Upon implantation, scaffold expansion could be triggered

by heating to body temperature and exposure to water to enable

recovery to the original shape and filling of the wound space.

One system with promise for use in regenerative medicine is

highly crosslinked thermoset polyurethane SMP foams. These low-

density SMP foams have a high volume recovery ratios and tunable

recovery rates.10 Additionally, their exceptional chemical and physical

tunability and high biocompatibility make polyurethane SMPs an

attractive option for various biomedical applications.11,12 The degra-

dation mechanism of these polyurethane SMPs was initially demon-

strated by Weems et al.13 Tertiary amines in the polyol monomers

undergo oxidative degradation, and the materials are exceptionally

resistant to hydrolytic degradation.13

Several others have tried to further control polyurethane SMP foam

degradability. Hydrolytically degradable ester linkages were incorporated

using poly(ε-caprolactone) (PCL).14 While degradation could be tuned

with PCL, the overall degradation rate was slow, and the foams had a

low glass transition temperature (Tg, <25�C) that limits their practical use

in terms of storing materials in their secondary shapes.14 A faster degra-

dation rate (80% mass loss over 80 days in 2% H2O2) was achieved by

incorporating succinic acid-based esters into SMP foams.15 However,

this system required heating to 50�C to achieve complete volume expan-

sion, thus necessitating the use of an external heating mechanism to

actuate these SMPs post-implantation. Other work by Jang, et al.

employed ester-containing monomers to improve thermal and shape

memory properties, but this system also degraded slowly.16 In our recent

work, we incorporated esters formed by the reaction between nitrilotria-

cetic acid (NTA) and diethylene glycol (DEG) to increase the degradation

rate (100% mass loss within 30 days in 3% H2O2) while maintaining ther-

mal and shape memory properties.17

There have also been efforts to slow degradation and obtain bio-

stable SMP foams by replacing tertiary amine-containing polyols with

glycerol, isocyanurate, and hexanetriol.18–20 In our recent work, we

increased the biostability of porous SMP foams by incorporating

diethylene glycol (DEG).21 This approach slowed the degradation rate

to provide materials with 20% mass remaining after 102 days in 3%

H2O2.
21 Slowly degrading SMP foams could be valuable for long-term

implants and/or for applications in which the material is removed and

no degradation is desired prior to explantation.

Multiple animal models have demonstrated the healing capabilities of

these SMP foams. In a porcine aneurysmmodel by Rodriguez et al., almost

complete penetration of collagen through the foam volume, lack of inflam-

mation, and a thick fibrous cap across the aneurysm neck were observed

at 90 days, demonstrating foam biocompatibility.22 A SMP foam-coated

metal coil was used by Horn et al. to treat a porcine sidewall aneurysm.23

Approximately 89%–93% reduction in the cross-sectional aneurysm area

was observed over 180 days after SMP foam treatment, indicating long-

term healing capabilities.23 Weems et al. later cleaned the explanted mate-

rial from aneurysms and qualitatively characterized degradation using

spectroscopy.13 It was concluded that the in vivo mass loss profile was

much slower than that obtained in vitro using a 3% H2O2 solution, which

is generally considered to be “real-time” oxidation media.13,24 Degradation

of SMP foams via multinucleated giant cells with subsequent fibrin deposi-

tion was characterized via histological assessment by Jessen et al. using a

porcine vascular occlusion model.25 In this model, a steady, but slow deg-

radation rate of �3% mass loss/30 days was estimated using cross-

sectional area measurements of foam histology images.

In sum, multiple approaches have been used to synthesize SMP

foams with desirable physical and shape memory properties and tunable

degradation rates. However, there has been inconsistency in in vitro

characterization in terms of degradation media selection (e.g., H2O2 con-

centration), and focused in vivo characterization of SMP foam degrada-

tion is limited. It is vital to develop a reliable method for obtaining in vivo

degradation profiles of SMP foams while confirming their safety. This

method could also be useful for comparing degradation profiles of

selected formulations with data that is provided in the literature to ratio-

nally select materials with desired degradation outcomes.

Here, porous SMP foams with previously established in vitro degra-

dation rates were utilized, and their in vivo degradation profiles were

assessed in a subcutaneous rat model over 12 weeks. This animal model

is often used to evaluate biomaterial scaffold degradation and host

response over time, providing a clear point of comparison with previ-

ously characterized biomaterials.26–31 Since previous work has shown

that in vitro methods fail to accurately predict in vivo degradation pro-

files, samples were subjected to in vitro oxidative degradation with

reduced processing as compared with literature-reported methods.13,32

Also, varying concentration of H2O2 (1%, 2%, and 3%) were used to

identify the medium that most closely predicted in vivo degradation pro-

files. While a subset of these materials contain ester linkages that are

susceptible to hydrolysis by water and/or enzymatic degradation by

lipase, we focused on oxidative media here based on our prior data

showing high hydrolytic stability.17 To complement histological assess-

ments, in vitro cytotoxicity analysis of fully degraded samples was per-

formed to assess material safety.33 These studies provide fundamental

information on correlating in vivo and in vitro degradation profiles,

expanding the characterization of a valuable biomaterial system. This

information could be further used to improve the rational in vitro charac-

terization of other degradable biomaterials prior to their use in animals.

2 | MATERIALS AND METHODS

2.1 | Materials

NTA, DEG, 1-(3-dimethyl aminopropyl)-3-ethyl carbodiimide HCl

(EDC), 4-(dimethylamino) pyridine (DMAP, ≥ 99%), N,N,N0,N0-tetra-

kis-2-hydroxypropyl ethylenediamine (HPED), triethanol amine

(TEA), hexamethylene diisocyanate (HDI), chloroform, ethanol,
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acetone, isopropyl alcohol, Triton X-100, phosphate-buffered saline

(PBS), and trypsin were purchased and used as received from Fisher

Scientific (Waltham, MA, USA). Collagenase (clostridium histolyti-

cum) and pancreatin (porcine pancreas) were purchased from Sigma

Aldrich and used as received. Surfactant EPH-190 and catalysts T-

131 and BL-22 were used as received from Evonik (Essen, Germany).

2.2 | SMP foam fabrication and characterization

2.2.1 | Ester-containing monomer synthesis

The ester-containing monomer, NTA-DEG, was synthesized as pre-

viously described.17 Briefly, NTA was initially dissolved in chloro-

form with 0.1 mol. eq. of DMAP. Once all components were

completely dissolved, DEG was added dropwise at ratio of 1:3

(NTA:DEG). Then, EDC was added at a ratio of 1:3 (NTA:EDC). The

reaction proceeded at 40�C for 24 h. The reaction was tracled via

attenuated total reflectance-Fourier transform infrared spectros-

copy (ATR-FTIR, Nicolet, Fisher Scientific, Waltham, MA, USA) to

confirm the appearance of the C O ester peak at �1741 cm�1.

After completion, excess solvent was evaporated using rotary evap-

oration and the product was dried overnight under �30 in Hg vac-

uum at 40�C. 1H Nuclear magnetic resonance spectroscopy (NMR,

Avance III HD 400 MHz, Bruker) was performed on the product as

previously described to confirm �85%–88% functionalization of

NTA carboxylic acids with DEG.17

2.2.2 | Foam synthesis

Foams were prepared as previously described.17,21 First, all required

isocyanate equivalents provided by HDI were mixed with 35% of the

required hydroxyl equivalents (HPED with TEA, DEG, or NTA-DEG)

under an inert dry atmosphere in a glovebox (Labconco, Kansas City,

MO, USA). This mixture (premix) was cured at 50�C for 48 h. Then,

surfactant was added to the premix and mixed at 3500 rpm using a

speed mixer (Flacktek, Landrum, SC, USA) for 30 s before cooling to

room temperature. The second component (hydroxyl [OH] mix) was

prepared parallelly with the balance hydroxyls (HPED, NTA-DEG,

water, and/or TEA) along with catalysts (T-131 and BL-22). The OH

mix components were mixed in a speed mixer at 3500 rpm for 30 s

and added to the premix container. Both components were then

mixed at 1800 rpm for 5 s and poured into a 1-L container to allow

for foaming at 50�C for 10 min. The foam was kept in a fume hood

overnight to ensure complete reaction. A schematic of foam forma-

tion is shown in Figure 1, and Table 1 contains details on the compo-

nents of synthesized foams. All samples were initially cleaned twice

in deionized water and twice in 70% ethanol, alternatively for

15 min each.

The surface chemistry of synthesized samples was analyzed using

ATR-FTIR after synthesis and throughout degradation. The characteris-

tic peaks identified to confirm successful synthesis and monitor degra-

dation include carbonyl of urethane at �1680 cm�1, carbonyl of ester

at �1730 cm�1, ether at �1090 cm�1, and tertiary amines at

�1050 cm�1.

F IGURE 1 Overview of foam synthesis
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2.2.3 | Pore size analysis

Thin slices (1 cm width, 1 cm length, and 0.5 cm height) were cut from

washed foams along the longitudinal and horizontal axes. The slices were

sputter coated (Desk V Sputter coater, Denton Vacuum, Moorestown, NJ,

USA) with a layer of gold for 45 s under vacuum. Samples were mounted

onto a holder, and pore morphology was analyzed using scanning electron

microscopy (SEM, JSM 5600, JEOL, Peabody, MA, USA) at 35� magnifi-

cation and an accelerating voltage of 10 kV. Pore size was quantified as

the largest diameter of all visible pores in an image using ImageJ.

2.2.4 | Density and surface area

Foam density (n = 3) was measured by cutting samples into small

cubes with each side measuring �1 cm and weighing them. The length

of each face of the sample was measured using calipers and volume

was recorded as length � width � height. Sample weight was divided

by the volume to determine the average density of foams.

Surface area was calculated using a previously determined corre-

lation between specific surface area and pore size of polyurethane

foams, Equation (1).13 Slope (20.91944 ± 0.312) and intercept

(�11.34565 ± 0.406) were previously obtained by plotting specific

surface area (mm2/mm3) against known pore size (mm) for each pore.

Then, average surface area of samples was calculated using density

and specific surface area based on Equation (2).

Specific surface area
mm2

mm3

� �
¼ Pore size mmð Þ� slopeð Þþ intercept,

ð1Þ

Surface area
cm2

g

� �
¼
Specific surface area mm2

mm3

� �
Density g

cm3

� � �10
mm
cm

� �
, ð2Þ

2.2.5 | Hydrophilicity

Thin slices of nonporous films were prepared from the same compositions

listed in Table 1 without the addition of surfactant or water (blowing

agent). The contact angle was measured using a goniometer (Model

500, Ramé-hart Co, Succasunna, NJ). Water (2 ml, n = 6) was dropped

onto each film, and images were captured at a 0.01-s interval (SuperSpeed

U4 series). Images were analyzed using DROPImage software to deter-

mine the contact angle between the water droplet and the film.

2.2.6 | Thermal and mechanical analysis

To measure glass transition temperature (Tg), samples (n = 3) were cut

into thin slices (3–5 mg) and loaded into t-zero aluminum pans with

lids. Pans were placed onto DSC Q200 (TA Instruments, New Castle,

DE, USA), equilibrated at �40�C, held isothermally for 2 min, heated

to 120�C at 10�C/min, held isothermally for 2 min, cooled to �40�C

at �10�C/min, held isothermally for 2 min, and heated back to 120�C

at 10�C/min. The half-height transition temperature of the endother-

mic shift during the second heating cycle was recorded as dry Tg.

To measure the wet Tg, samples (n = 3, 3–5 mg) were placed in

water at 50�C for 12 min and then loaded in t-zero aluminum pans

with hermetic lids. Samples were equilibrated at �60�C, held isother-

mally for 2 min, heated to 100�C at 10�C/min, and held isothermally

for 2 min. Wet Tg was recorded as the half-height transition tempera-

ture during the endothermic shift in the single heating cycle.

Samples (n = 5) were cut into dog bones (ASTM D638 scaled

down by a factor of 4) with a gauge length of 6.25 mm and width of

1.5 mm. The thickness of each sample was measured, and then sam-

ples were subjected to a tensile force (Test Resources, Shakopee, MN,

USA) via a 24 N load cell. The tensile force was applied at 2 mm/min

until failure, and the resulting stress/strain curve was used to measure

elastic modulus, ultimate tensile strength, and elongation at break. To

test samples in wet conditions, they were placed in deionized water at

50�C for 1 h prior to testing.

2.2.7 | Shape memory behavior

Cylindrical samples (diameter= 8 mm, length= 1 cm) were threaded onto

a nitinol wire (diameter = 330 μm) longitudinally. Samples were heated to

70�C for 10 min (i.e., above their Tg), crimped radially (Blockwise Engineer-

ing, Tempe, AZ, USA), and cooled in the crimper for 15 min at room tem-

perature. The crimped volume was measured using calipers. Samples were

placed in an airtight container for 24 h and the crimped volume was mea-

sured again to determine shape fixity (Equation 3). Then, samples were

placed in a water bath at 37�C for 10 min, and images were captured

every 5 s. ImageJ was used to measure sample volume at each time point

(t) and determine volume recovery (Equation 4).

Shape fixity %ð Þ¼1�Crimpedvolume24 h�Crimpedvolume0 h

Crimpedvolume0 h
�100%,

ð3Þ

Volume recovery %ð Þ¼ Sample volume tð Þ
Expanded volume

�100%, ð4Þ

TABLE 1 Synthesized foam compositions

Sample name HDI (wt%) HPED (wt%) TEA (wt%) DEG (wt%) NTA-DEG (wt%) EPH 190 (wt%) T-131 (wt%) BL-22 (wt%) Water (wt%)

Control 54.03 27.61 8.05 – – 6.44 0.46 1.01 2.37

30% DEG 53.16 27.15 – 8.69 – 6.19 0.60 1.18 2.91

30% NTA-DEG 43.10 24.40 – – 21.71 6.17 1.10 1.23 2.29
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2.3 | Cytocompatibility

2.3.1 | Indirect cytocompatibility

After cleaning, samples were soaked in sterile PBS overnight to ensure

complete removal of ethanol and placed in Transwell® inserts in pre-

seeded 24-well plates containing NIH mouse fibroblast 3T3 cells (10,000

cells per well) that had been cultured for 24 h in Dulbecco's Modified

Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1%

penicillin–streptomycin (PS) at 37�C. This study indirectly measures

potential effects of foam leachables in the media on cell viability and is

useful for biomaterials that do not have specific attachment sites for

cells.34 Wells that contained empty inserts were used as positive cyto-

compatible controls. Negative cytotoxic controls included wells with

0.5% H2O2 added to cause cell death. At 3, 24, and 72 h, Transwell

inserts and samples were removed from the wells, and media was

replaced with Resazurin cell viability stain for 2 h at 37�C before measur-

ing fluorescence at 570 nm using a microplate reader (FLx900, Bio-Teck

Instruments Inc). Cell viability was measured according to Equation (5):

Cell viability %ð Þ¼ Abs570 xð Þ
Abs570 Controlð Þ�100%, ð5Þ

where x is the selected treatment group, and the cytocompatible

empty insert control was used as a standard with 100% viability.

2.3.2 | Foam degradation byproduct
cytocompatibility

To test degradation byproduct cytocompatibility, cylindrical foams (8 mm

diameter, 1 cm length) were completely degraded in 15 ml of 30% H2O2

at 70�C.33 Media was regularly replenished. The solutions were then

diluted to 2% H2O2, and H2O2 was neutralized using catalase (1500 U/ml)

for 7 days at 37�C. Complete neutralization was confirmed using a ferric

thiocyanate kit (Chemetrics). The concentration of remaining catalase was

measured using Pierce Coomassie Plus Protein Assay (ThermoFisher Sci-

entific, Waltham, MA, USA). The solutions were then filtered (0.22 μm)

and serially diluted in cell culture media to analyze cytocompatibility. The

solutions were placed on top of 3T3 mouse fibroblasts pre-seeded in

wells for 24 h as described above. At 3 h, cell viability was measured rela-

tive to media-only controls using the resazurin assay and Equation (5).

2.4 | Degradation characterization

2.4.1 | In vitro degradation profiles

Varying concentrations of H2O2 (1%, 2%, and 3%) were prepared to

analyze in vitro degradation profiles at 37�C. Cylindrical samples

(diameter = 8 mm, length = 1 cm) were incubated in 15 ml of media.

To replicate previous work, one sample set was used throughout the

entire degradation process.13,16,17,21 Samples were removed from

media, washed in 70% ethanol, dried under vacuum at 40�C, weighed,

and then returned to fresh media for continued analysis. This technique

is referred to as the “Literature Method.” To compare the effects of

repeated washing/drying, a parallel study was carried out in which

unique samples sets were prepared for each time point. Weights of

these sacrificial samples were recorded after washing and drying and

then samples were removed from the study. This technique is referred

to as the “Optimized Method.” In both studies, degradation media was

replaced twice per week, and samples were characterized at 1, 2, 3, 4,

6, and 12 weeks in terms of pore size (Section 2.2.3), thermal

(Section 2.2.5), and spectroscopic (Section 2.2.2) properties.

2.4.2 | Sterilization

Cleaned cylindrical (diameter = 8 mm, length = 1 cm) samples were

sterilized via UV-C light (UV sterilizer cabinet, Skin Act, Pacoima, CA,

USA) at 240 nm for 4 h. Samples were characterized in terms of mass,

Tg, pore size, and surface chemistry to measure effects of sterilization

on foam properties, Figure S1.

2.4.3 | Surgical procedure

All procedures were performed per policies set by Syracuse Univer-

sity's Institutional Animal Care and Use Committee (IACUC) under the

guidance provided by the American Veterinary Medical Association

(AVMA). A total of 36 female Sprague Dawley rats, aged at 11 weeks

were selected to enable comparison with previous studies.35–40 Rats

were anesthetized using 2% inhalation isoflurane with oxygen at

2 ml/min, and anesthesia was maintained throughout the procedure.

Incision sites (two per rat) were trimmed to remove fur and cleaned

using skin cleanser (chlorhexidine gluconate) and isopropyl alcohol.

Four subcutaneous pockets were created (two per side), and sterilized

samples were implanted into each subcutaneous pocket using forceps.

The implantation location for each sample was rotated amongst the

ventral and lateral locations. Incision sites were closed using wound

clips (5 mm, Braintree Scientific) and cleaned using isopropyl alcohol.

2.4.4 | Post-operative procedure

Bupivacaine (0.1 ml) was placed on incision sites once a day for 72 h

as a pain reliever. A subset (six) of rats were sacrificed at each time

point – 1, 2, 3, 4, 6, and 12 weeks—via CO2 asphyxiation according to

AVMA guidelines. Cervical dislocation was performed before explant-

ing samples from each rat. Out of the samples collected, five samples

per each formulation were used for ex vivo characterization while one

sample was preserved in 4% formaldehyde and shipped to Histowiz®

(Brooklyn, NY, USA) for histological staining.

2.4.5 | Ex vivo sample characterization

Post explantation, samples were cleaned to remove attached tissue

and blood as described by Zhang et al.41 Samples were subjected to
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three 24 h enzyme washes over 72 h. The enzyme solution contained

equal parts of collagenase (500 units/mL buffer), pancreatin

(0.5 g/100 ml buffer), and trypsin (0.5%). Samples then underwent

4, 6-hour washes in 10% Triton X-100 and 8, 3-h washes in deionized

water. Non-implanted samples were subjected to the same washing

procedure as a control. Washed samples were characterized in terms

of mass loss, Tg, pore structure, and surface chemistry. Minimal differ-

ences were found in non-implanted sample masses before and after

washing, Figure S2. Pore sizes of control and DEG foams were

reduced after washing, and Tg of control foams was reduced. No nota-

ble changes in surface chemistry were found in FTIR. Overall, the

enzyme wash had small effects on foam properties; however, due to

the changes that were measured, washed foams were used as con-

trols to ensure that the enzyme wash was accounted for in the in vivo

versus in vitro degradation measurements.

2.4.6 | Histological assessment

Samples were sectioned along their longitudinal axis, stained with

hematoxylin and eosin (H&E), placed in immersion oil, and scanned via

100� objective. To avoid bias, a blind assessment of resulting images

was performed by two pathologists. Collagen deposition was measured

in each sample by analyzing collagen density and organization (none,

intermediate, and high density/organization). A debris score of none,

minimal, mild, moderate, and severe was assigned based on the amount

of residual fibrin, hemorrhage, and necrosis observed in each sample.12

Surrounding tissues were ranked based on the level of inflammation

observed. Individual inflammatory cells were counted in nine high

power fields (HPFs, defined as �0.01 mm2) per sample. Inflammatory

cell types that were identified and counted included neutrophils, lym-

phocytes, eosinophils, plasma cells, and macrophages (including giant

cells, erythrophagocytic cells, and hemosiderin-laden macrophages).

Each implant was then given an overall tissue response score based on

inflammation, neovascularization, and ECM content analysis.25

2.5 | Statistical analysis

Measurements are presented as mean ± standard deviation. The num-

ber of measurements were maintained at three for all analysis. Statis-

tical analysis was performed by one-way analysis of variance and

Tukey's post-hoc test (2-sample, assuming unequal variance) using

Microsoft Excel as mentioned in each figure legend. Statistical signifi-

cance was accepted as p < .05.

3 | RESULTS AND DISCUSSION

3.1 | Density, pore structure, and surface area

As shown in Table 2, all foams had comparable pore sizes of �1100–

1300 μm, which enables comparison with previously published SMP

foam degradation results.13,16 Open pores with high interconnectivity

were observed in DEG and NTA-DEG foams, while control foams had

relatively closed pores, as shown in Figure 6. This increased intercon-

nectivity along with sufficiently large pores would allow for nutrient

and waste transport and tissue and blood vessel ingrowth during the

wound healing stages.42,43 Low target densities well below 0.1 g/cm3

were obtained in all foams. These highly porous, low-density foams

can be crimped into smaller constricted geometries during shape fixa-

tion, which would enable easy implantation. Increased surface areas

were observed in foams with larger pores and lower densities, with

the highest surface area calculated for 30% DEG foams.

3.2 | Thermomechanical properties

The contact angle measured on each film followed expected trends

based on monomer chemistries, Table 2. The highest contact angle

(87�) was observed on the control formulation, while 30% DEG had

a slightly lower contact angle of 61� due to the hydrophilic ether

linkages. Ester-containing 30% NTA-DEG had the lowest contact

angle (52�) due to increased hydrophilicity provided by esters and

ethers.

Dry Tg was above 40�C for all formulations, Table 3. A dry Tg

above room temperature ensures that SMP samples can be stably

stored in their secondary shape at ambient conditions without

undergoing premature actuation before the intended time of usage.

In this system, heat-induced plasticization is utilized during program-

ming and shape fixing. The polymers are heated above their Tg in

the dry state, which breaks hydrogen bonds between urethane link-

ages to make foams soft and malleable and enable compression into

the temporary shape. Subsequent cooling of compressed foams

TABLE 2 Physical characterization of foam pore size, density, surface area, contact angle, shape recovery (time to 100% volume expansion in
37�C water), and shape fixity

Sample Pore size (μm) Density (g/cm3) Surface Area (cm2/g) Contact angle (�)
Time to 100%
volume recovery (s) Shape fixity (%)

Control 1100 ± 300 0.045 ± 0.001 1857 ± 431 87 ± 3 230 ± 80 92 ± 6

30% DEG 1300 ± 200* 0.027 ± 0.002* 22,727 ± 217* 61 ± 4* 190 ± 10* 91 ± 5

30% NTA-DEG 1100 ± 100 0.026 ± 0.005* 3466 ± 617* 52 ± 2* 40 ± 20* 86 ± 2

Note: n = 6 for pore size, density, surface area, and contact angle. n = 3 volume recovery and shape fixity. Mean ± standard deviation displayed. *p < .05

relative to control foam.
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allows for formation of new hydrogen bonds between deformed

chains to fix the shape in the required geometry. This shape mem-

ory behavior enables foam storage in a temporary, deformed state

before implantation. A low-profile shape facilitates the application

of foams to narrow or irregularly shaped wounds and/or delivery of

foams via catheter. This property has been harnessed in previous

in vitro and in vivo models to demonstrate that SMP foams can be

easily implanted into the body.44,45 Here, all foams had high shape

fixity (>85%) over 24 h of storage at room temperature, with gen-

eral decreases in shape fixity with increased hydrophilicity, Table 2.

This result is attributed to more hydrophilic foams absorbing ambi-

ent water during storage.

Wet Tg below body temperature ensures that samples can pas-

sively recover their original shape once exposed to water after

implantation in the body within the required time frame, Table 3. In

general, compressed foams recover their shape when the switching

segments (hydrogen bonds between the urethane linkages) are bro-

ken, either by heating above the Tg in the dry state or by water-

induced plasticization and heating above the reduced wet Tg. In

these studies, plasticization and subsequent volume recovery

occurred within 4 min in across all formulations in in vitro tests in

37�C water, Table 2. Faster volume recovery in NTA-DEG and DEG

foams is attributed to higher hydrophilicity that enables faster water

penetration, thereby reducing the time required to plasticize the

network and induce shape recovery. An open pore structure also

facilitates water penetration in the NTA-DEG foams, which had the

fastest volume recovery. If these materials were exposed to water

in the body after implantation, a fast volume recovery ensures that

foams can rapidly expand to their original shape and seal wounds.

This feature has potential benefit in a number of healing

TABLE 3 Thermal and mechanical properties of shape memory polymer foams

Sample

Dry conditions Wet conditions

Elastic
modulus (kPa)

Ultimate tensile
strength (kPa)

Ultimate
elongation (%) Tg (�C)

Elastic
modulus (kPa)

Ultimate tensile
strength (kPa)

Ultimate
elongation (%) Tg (�C)

Control 3200 ± 1700 530 ± 230 20 ± 10 53 ± 2 150 ± 20 55 ± 20 40 ± 20 30 ± 2

30% DEG 140 ± 40* 90 ± 30* 240 ± 70* 45 ± 2* 32 ± 6* 40 ± 10* 170 ± 40* 22 ± 3

30% NTA-DEG 80 ± 30* 90 ± 10* 140 ± 60* 40 ± 2* 15 ± 3* 70 ± 20* 450 ± 130* 29 ± 1

Note: n = 5 for all mechanical measurements. n = 3 for glass transition temperature (Tg) measurements. Mean ± standard deviation displayed. *p < .05

relative to control.

F IGURE 2 Comparison between literature method (re-testing samples at each time point) and optimized method (testing sacrificial samples
once at set time points) of in vitro degradation characterization in terms of (A) mass loss (n = 3), (B) pore structure, (C) surface chemistry, and
(D) thermal properties (n = 1) of control foams. for *p < .05 between methods
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applications, such as gunshot wounds that are narrower on the out-

side and larger towards the inner sides.46

Table 3 shows tensile properties of samples in dry and wet condi-

tions as an indication of properties before and after implantation,

respectively. Control foams had the highest elastic modulus and ten-

sile strength and lowest elongation under dry conditions, which is

attributed to increased crosslinking in the network due to the tri-

functional polyols with shorter arms (as compared with diols in DEG

foams and triols with longer arms in NTA-DEG foams, Figure 1). As

expected, modulus and strength decreased and elongation generally

increased in wet conditions, due to softening of SMP foams after

water plasticization. DEG and NTA-DEG foams had wet elastic modu-

lus values <30 kPa, which is comparable that of human forearm skin

(40 kPa)47 and of subcutaneous rat tissue (65 kPa).48 Lower stiffness

ensures that samples do not impart unwanted stress onto the sur-

rounding tissues after expanding within the wound site into which

they are implanted.

3.3 | Degradation analysis: in vitro and in vivo
correlations

3.3.1 | In vitro protocol refinement

During prior in vitro studies in 3% H2O2, 30% NTA-DEG foams under-

went complete mass loss within 30 days.17 Control foams had 100%

mass loss within 12 weeks, and 30% DEG foams had 23% mass remain-

ing after 14 weeks.21 This data was collected on samples that were sub-

jected to washing and drying procedures at each time point and

returned to media for further testing at later time points.13,15,16,19,49 This

process is referred to as the “Literature Method.”
While analyzing in vivo mass loss profiles, it was observed that con-

trol foams had 62% mass remaining, 30% DEG foams had 80% mass

remaining, and 30% NTA-DEG had �29% mass remaining after

12 weeks, Figure 3. While the general trends in mass loss rates remained

the same, with 30% NTA-DEG undergoing the fastest degradation, fol-

lowed by control foams with an intermediate degradation rate, and 30%

DEG undergoing the slowest degradation, the overall degradation rates

were much slower in vivo compared to previously observed in vitro deg-

radation rates measured under presumed “real-time” conditions.
To address this issue, a parallel study was carried out to find test-

ing conditions that could more closely correlate in vitro and in vivo

degradation. In this “Optimized Method,” multiple concentrations of

H2O2 were employed, and separate sacrificial samples were used to

record mass loss at each time point to better mimic in vivo testing and

reduce effects of washing/drying on later measurements. At each time

point, the sacrificial sample was removed from the degradation media,

rinsed in 70% ethanol, dried, weighed, and characterized. The sacrificial

samples were not returned to the study after characterization.

Significant differences were observed between the degradation pro-

files obtained in 3% H2O2 using the “Literature Method” and the “Opti-

mized Method,” Figure 2A. Faster degradation was observed in the

“Literature Method,” which was attributed to physical erosion experi-

enced by samples due to repeated washing and drying procedures at

each time point. These physical forces were minimized in the ‘Optimized

Method,’ as the samples were not subjected to multiple wash/dry cycles

over time. SEM micrographs of samples characterized using the ‘Opti-

mized Method’ demonstrate improved pore morphology retention after

6 weeks compared with ‘Literature Method’ samples, Figure 2B. No

notable differences were seen between spectroscopic and thermal ana-

lyses of samples subjected to the two different methods, Figure 2C,D.

This result indicates the validity of the hypothesis that changing testing

procedures reduced undesired physical erosion and did not alter the

chemical degradation process of the polymer network.

F IGURE 3 Comparison between in vitro (n = 3) and in vivo (n = 5)
mass loss profiles of (A) control, (B) 30% diethylene glycol (DEG), and
(C) 30% nitrilotriacetic acid (NTA)-DEG foams. In vitro degradation was

carried out in varying concentrations of H2O2 (1%, 2%, and 3%). In vivo
degradation data was collected after subcutaneous implantation in rats
over 12 weeks. Mean ± standard deviation is displayed. *p < .05
between all in vitro measurements and in vivo measurement at same
time point. †p < .05 between 2% and 3% H2O2 measurements and
in vivo measurement at same time point. ‡p < .05 between 3% H2O2

measurements and in vivo measurement at same time point
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3.3.2 | Mass loss

After ensuring that unwanted effects of additional physical erosion

were minimized and that pre- and post-explantation processing was

accounted for (Figures S1, S2), the optimized method was employed

with varying concentrations of H2O2 to determine in vitro conditions

that best mimic in vivo degradation for each composition. According to

ISO 10993-13, H2O2 is reported to have comparable levels of reactive

oxygen species (ROS) found in wound sites.50,51 However, H2O2 has a

higher stability compared to other ROS, and it can more easily penetrate

through sample membranes and tissues and remain within samples for

longer time frames.52 Thus it is likely that 3% H2O2 provides higher

levels of degradative species compared to ROS levels in vivo,52 and we

therefore chose to characterize degradation in 1 and 2% H2O2 to enable

better comparison between in vitro and in vivo studies, Figure 3.

We found that the H2O2 solution that best mimicked in vivo deg-

radation conditions depended on the material chemistry and hydro-

phobicity. The general trends in degradation rates in each medium

were still the same, with the order of degradation rate as follows: 30%

NTA-DEG > Control >30% DEG. The mass loss profile for control

foams obtained using 3% H2O2 was a close match to that obtained

in vivo, Figure 3A, with statistically comparable measurements taken

out to 12 weeks of degradation. This result is attributed to the oxida-

tive degradation mechanism of control foams via scission of tertiary

amines and high hydrolytic stability, as described in previous work.13

Compared to control foams, 30% DEG foams are slightly more

hydrophilic, which enables faster water penetration and could increase

access of ROS to polymer chains to accelerate degradation. Additionally,

DEG foams are susceptible to oxidative degradation of both tertiary

amines in HPED and ether groups in DEG. However, ether linkages can

undergo parallel crosslinking during oxidation.53 This property may lead

to simultaneous chain scission and crosslinking to slow the degradation

process,21 which complicates degradation estimations and slowed overall

degradation rates in this SMP foam system. Thus, lower concentrations

of 1 and 2% H2O2 most closely mimicked in vivo degradation profiles for

30% DEG foams, as shown in Figure 3B, with statistically comparable

measurements at all time points except week 6 (p value = .022).

Similarly, a lower concentration of 1% H2O2 proved to have a

closer match to in vivo degradation profiles for 30% NTA-DEG foams,

as shown in Figure 3C, but in vitro degradation was significantly faster

F IGURE 4 Analysis of pore morphology via scanning electron microscopy of samples undergoing in vitro degradation (Control in 3% H2O2,
30% diethylene glycol (DEG), and 30% nitrilotriacetic acid (NTA)-DEG in 1% H2O2¬) and in vivo degradation (subcutaneous implantation in rats).
The scale bar of 500 μm applies to all images
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than in vivo degradation after 2 weeks for all H2O2 concentrations,

except for week 12, where 1% H2O2 samples had a comparable mass

to the in vivo samples. The relatively hydrophilic 30% NTA-DEG

foams are susceptible to hydrolytic cleavage of NTA-DEG esters, oxi-

dation of tertiary amines in HPED, oxidative cleavage and/or cross-

linking of ether groups in DEG, and enzymatic degradation of esters

by lipase. In addition to the possible effects of hydrophilicity men-

tioned above, ester hydrolysis forms a carboxylic acid byproduct that

can catalyze hydrolysis to increase the overall degradation rate in

aqueous conditions.54 We hypothesize that samples were protected

from reactive agents by fibrous encapsulation after in vivo implanta-

tion to slow degradation rates relative to in vitro measurements. For

further analysis, data collected from degradation in 3% H2O2 was

used to analyze control foams, and data collected from incubation in

1% H2O2 was used to analyze 30% DEG and 30% NTA-DEG foams.

3.3.3 | Physical analysis: pore morphology

Overall, pore morphology was maintained across all formulations dur-

ing in vivo degradation, Figure 4. Control foams lost their pore struc-

ture with visible strut breakage after 4 weeks of in vitro degradation

in 3% H2O2. During in vivo degradation, control foams had some strut

breakage beginning at week 6, but overall pore structure was main-

tained throughout 12 weeks, and no loss in pore structure was seen.

Amongst 30% DEG foams, increased pore stability was observed com-

pared to control foams, as expected. During in vitro degradation in 1%

H2O2, overall pore structure was lost after 6 weeks, with some break-

age in pore struts observed at week 4. Some strut breakage was

observed after 6 and 12 weeks of in vivo degradation, but no loss in

overall pore structure was seen in 30% DEG foams in vivo degrada-

tion. The fastest loss in pore structure and earliest occurrence of strut

breakage (week 2) was observed in 30% NTA-DEG during in vitro

degradation in 1% H2O2, and complete pore collapse was observed

from week 4 onwards. However, during in vivo degradation, overall

pore structure and interconnectivity were maintained throughout

12 weeks with some strut breakage beginning in week 2 onwards.

The maintenance of pore structure and interconnectivity across all

formulations over the entire 12 weeks of implantation shows that SMP

foams maintain their structural integrity in vivo and could therefore serve

as a stable scaffold for uniform tissue ingrowth and vascularization in

long-term implantation applications. While mechanical properties were

not characterized over time in these studies, we hypothesize that these

changes in foam structure would be accompanied by a reduction in stiff-

ness and strength over time. In regenerative medicine applications, these

changes in mechanical properties would enable a gradual transfer of load

from the implanted scaffold to the surrounding tissue as it regenerates.55

3.3.4 | Chemical analysis: thermal and
spectroscopic properties

Analysis of Tg during degradation provides an estimate of the relative

crosslink density over time to analyze surface vs. bulk erosion, where

surface erosion would result in retention of sample Tg over time, and

bulk erosion would cause decreases in Tg. Overall, Tg was maintained

throughout the majority of the degradation both in vitro and in vivo,

as shown in Figure 5. A large reduction in Tg was observed for control

and 30% DEG foams at 12 weeks of in vitro degradation. For 30%

NTA-DEG foams, the sacrificial sample was completely degraded by

week 12, indicated by a lack of data point here. No significant reduc-

tions in Tg were measured over time in the in vivo degradation sam-

ples. Maintenance of Tg over the entire 12 weeks of implantation can

F IGURE 5 Glass transition temperature (Tg) of (A) Control,
(B) 30% DEG, and (C) 30% nitrilotriacetic acid (NTA)-diethylene glycol
(DEG) samples during in vitro degradation (blue bars) in 3% H2O2

(Control) or 1% H2O2 (30% DEG and 30% NTA-DEG) (n = 1) and
in vivo degradation (yellow bars) in subcutaneous pockets in rats
(n = 3). No statistical significance was observed over time for any
formulation after in vivo implantation (p > .05)
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be attributed to high reactivity and low stability of ROS, which limits

their diffusion through the sample membranes and restricts degrada-

tion to a surface level.

A shift in the urethane peak from 1680� to 1688 cm�1 and a

reduction in the tertiary amine peak at 1050 cm�1 was observed in all

foams during degradation, Figure 6. These changes are attributed to

oxidative degradation of tertiary amines in the monomers (HPED,

TEA, and NTA-DEG) to form primary amines as previously

described.13 A carboxylic acid peak appeared on control foams at

12 weeks of in vivo degradation, Figure 6D. This change is due to the

reduction of tertiary amines in control foams to form primary amines

and carboxylic acids.13 Amongst 30% NTA-DEG foams, a stronger car-

bonyl peak appears at 1730 cm�1 during in vitro degradation com-

pared to that in vivo, Figure 6C,F. This change is attributed to the

combination of oxidative degradation of tertiary amines and hydro-

lytic degradation of esters that occurs in these foams in 1% H2O2, and

the relative changes correlate with the observed increased in vitro

mass loss in these foams.

3.3.5 | General considerations for correlating
in vitro and in vivo degradation

Degradation rates are dependent on surface chemistry, surface area,

and porosity, which affect the ability of degradative species to access

polymer chains.56–58 It is also important to consider implant location

and its impact on degradation. Intramuscular degradation rates are

higher than subcutaneous degradation rates, a trend that has been

consistently observed using different polymer compositions and vary-

ing animal models.59–61 With the current SMP foam system, degrada-

tion is faster after intravenous implantation in comparison with

subcutaneous implantation. After 90 days of implantation in an

F IGURE 6 Spectroscopic analysis of shape memory polymer (SMP) foams undergoing degradation at 0, 4, and 12 weeks. (A–C) Control, 30%
diethylene glycol (DEG) and 30% nitrilotriacetic acid (NTA)-DEG undergoing in vitro degradation, respectively. (D–F) jControl, 30% DEG, and 30%
NTA-DEG undergoing in vivo degradation, respectively
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aneurysm model, 40% mass loss of control foams was previously mea-

sured, compared with only 30% mass loss at 84 days in the current

subcutaneous implant study.13 Thus, for a given formulation (control

foams), degradation may vary based on implant location, and in vitro

conditions should be altered to account for those potential changes.

Specifically, a lower concentration of H2O2 is needed in vitro to

predict slower subcutaneous in vivo degradation profiles than would

be required to estimate intravenous degradation rates.

Even though the optimized method presented here better mimics

the in vivo degradation process, the media required to accurately pre-

dict in vivo degradation is highly complex and depends on the chemi-

cal composition of the material under consideration. The foams that

undergo only oxidative degradation can be more accurately modeled

in vitro in H2O2, allowing for predictions of in vivo degradation rates

prior to implantation. Ester-containing foams (30% NTA-DEG)

undergo degradation via multiple potential mechanisms: hydrolytic

and/or enzymatic degradation of esters and oxidative degradation of

ethers and tertiary amines. Furthermore, the breakdown of esters and

tertiary amines to form carboxylic acids lowers the pH, which can fur-

ther catalyze hydrolytic degradation.54 It is possible that this autoca-

talysis from ester hydrolysis combined with limited space for acidic

byproducts to escape in the vials accelerated in vitro degradation in

these foams. Additionally, the presence of fibrous tissue likely

restricted diffusion of degradative species into foams in vivo. While

F IGURE 7 Cytocompatibility of foams. (A) Cytocompatibility of 3T3 mouse fibroblasts over 0, 24, and 72 h (n = 3) of indirect contact with
foam samples. (B) Dose–response curve of fully degraded foam solutions and 2% hydrogen peroxide solution control after neutralization with
catalase (n = 3). Mean ± standard deviation displayed. *p < .05 relative to positive control

F IGURE 8 Histological assessment of explanted (A) Control, (B) 30% diethylene glycol (DEG), and (C) 30% nitrilotriacetic acid (NTA)-DEG
foams at 1, 6, and 12 weeks. Scale bar labels apply to all images in a given column. In control foams, central regions progress from significant
fibrin (asterisk) and minimal cellularity at 1 week, to collagen deposition (dots) and cellular infiltration (mostly macrophages, arrowheads) at
6 weeks, to a healing phase consisting of more prominent collagen deposition (stars) and increased hemosiderin-laden macrophages (arrows) at
12 weeks. In 30% DEG foams, central regions exhibit abundant fibrin (asterisks) and mild cellularity at 1 week. At 6 weeks, collagen deposition
(dots) and cellularity (mainly macrophages, arrowheads) increase. A slightly denser extracellular matrix (stars) with increased cellularity (arrows) is
seen at 12 weeks. In 30% NTA-DEG foams, central areas have abundant fibrin (asterisks) and minimal cellularity at 1 week. Collagen deposition
(dots) and increased inflammatory cells (mostly macrophages, arrowheads) are seen at 6 weeks. At 12 weeks, fewer inflammatory cells (arrows) in
a fibrous background (stars) are detected
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TABLE 4 Cell types within each explant sample throughout 12 weeks of in vivo implantation (n = 9)

Control

Week
1 Week 2 Week 3 Week 4 Week 6 Week 12

Acute

inflammation

Neutrophils 0.2 0.4 7.9 – – –

Eosinophils – – – – – –

Macrophages 2.7 9.4 11.1 16 23.2 35

Erythrophagocytosis – – – – – –

Chronic

inflammation

Hemosiderin-laden macrophages – – – – 3 9.4

Plasma cells – – – – – –

Lymphocytes – 0.4 0.1 0.4 0.6 1.8

Giant cells – 0.2 0.2 1 1.4 0.2

Collagen (low, intermediate and high

density)

Absent Low Low Intermediate Low-

Intermediate

Intermediate

Debris score (cellular necrosis, fibrin,

hemorrhage)

Severe Severe Severe Minimal Mild Mild

Tissue response score (Jessen 2019) 6 5 5 1 2 2

30% DEG

Week

1

Week 2 Week 3 Week 4 Week 6 Week 12

Acute

inflammation

Neutrophils 2.6 0.4 0.2 – – –

Eosinophils 0.6 – 0.3 0.1 0.1 –

Macrophages 5.1 5.7 23.2 13.5 14.2 18.7

Erythrophagocytosis – 0.2 0.2 – – –

Chronic

inflammation

Hemosiderin-laden macrophages – – 5.9 1.3 3.8 10.1

Plasma cells – – 0.2 – 0.4 –

Lymphocytes 0.8 0.3 0.2 0.4 0.7 0.6

Giant cells – – 0.9 0.6 1 0.2

Collagen (low, intermediate and high

density)

Low Low Intermediate Intermediate-

high

Intermediate Intermediate-

high

Debris score (cellular necrosis, fibrin,

hemorrhage)

Severe Severe Minimal Mild Moderate Minimal

Tissue response score (Jessen 2019) 5 4 2 1 2 2

30% NTA-DEG

Week

1

Week 2 Week 3 Week 4 Week 6 Week 12

Acute

inflammation

Neutrophils 1.9 0.3 0.3 0.3 – –

Eosinophils 0.4 0.2 0.2 0.4 1.1 0.1

Macrophages 1.2 21.6 12.2 28.7 42 25.9

Erythrophagocytosis – – – – – –

Chronic

inflammation

Hemosiderin-laden macrophages – – 7 7 12.6 2.8

Plasma cells – 0.1 – – – –

Lymphocytes – 0.2 0.2 2.2 1 0.7

Giant cells – 0.9 0.4 0.4 0.9 0.8

Collagen (low, intermediate and high

density)

Absent Low

Intermediate

Low

Intermediate

Intermediate Intermediate

high

Intermediate

Debris score (cellular necrosis, fibrin,

hemorrhage)

Severe Minimal Minimal Minimal Minimal Minimal

Tissue response score (Jessen 2019) 6 3 2 2 2 2
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the NTA-DEG foam system is complicated to model in vitro, this work

provides a significant improvement over previously published work

that correlates in vitro and in vivo degradation profiles of SMP foams.

This data presents a framework for assuming that materials that that

undergo both hydrolysis and oxidation will degrade more slowly

in vivo, which could aid in rational selection of formulations for animal

testing. Overall, these studies provide a framework for the selection

of in vitro conditions that better mimic implantation conditions to

enable a more efficient screening of biomaterials before in vivo

characterization.

3.4 | Biological interactions

3.4.1 | Cytocompatibility of foams and degradation
byproducts

All foams had cytocompatibility >80% after indirect incubation with 3T3

mouse fibroblasts for 72 h, Figure 7A. Cytocompatibility >75% is consid-

ered acceptable for medical devices according to ISO 10993-5 stan-

dards.34 Once initial foam cytocompatibility was confirmed, cells were

exposed to fully degraded foam solutions to evaluate safety of degrada-

tion byproducts. Degradation byproducts had �25%–50% cytocompat-

ibility when tested without any dilution, while the positive control that

contained 2% H2O2 neutralized by catalase had >75% cytocompatibility.

However, a 2� dilution of the byproducts increased viability to �60%–

75%, and a 4� dilution further increased cytocompatibility to �71%–

100%. All further dilutions had ≥100% viability, Figure 7B. The non-

diluted solutions represent a case wherein the surrounding cells would

be exposed to all the degradation byproducts at once, which is not likely

to occur during in vivo degradation, as the foams gradually degrade over

time and degradation byproducts would diffuse away from the implant

site and get eliminated from the body. An increase in cell viability with

only a 2-4X dilution indicates that foam degradation would not cause

cytotoxic concerns over the degradation time frame.

3.4.2 | Histological assessment

Overall, subcutaneous wounds reached a mid-healing stage regardless

of foam implant type, Figure 8. Central regions of the control foam

implants had significant fibrin content and minimal cellularity at week

1, Figure 8A. By week 6, high levels of collagen deposition and cellular

infiltration (primarily macrophages) were observed. A healing phase

with more prominent collagen deposition and increased hemosiderin-

laden macrophages were seen at 12 weeks. After implantation of 30%

DEG foams (Figure 8B), abundant fibrin presence and mild cellularity

were observed at week 1, and increased collagen deposition and cel-

lularity (primarily macrophages) were observed at week 6. A slightly

denser extracellular matrix with increased cellularity was seen at week

12. Amongst the 30% NTA-DEG foams, Figure 8C, the central regions

of the materials had minimum cellularity and abundant fibrin content

at week 1. An increase in collagen deposition and inflammatory cells

(mostly macrophages) was observed at week 6. At 12 weeks, slightly

fewer inflammatory cells were detected in a fibrous background. The

type of cells found within each explant tissue across the degradation

time is summarized in Table 4. These results, taken together with the

low measured toxicity of degradation byproducts, indicate that SMP

foam scaffolds do not induce an undesired immune response during

degradation, regardless of chemistry and degradation rate.

The average in vivo subcutaneous implant mass losses per day

over the 84 days of implantation were estimated as 0.34% ± 0.15%

for control foams, 0.22% ± 0.04% for 30% DEG foams, and 0.83%

± 0.32% for 30% NTA-DEG foams. Reductions in degradation rates

were observed from week 6 to week 12, which correlated with the

histological observations. Namely, as scar tissue is primarily made up

of collagen,62 the gradual observed increase in collagen deposition

from low at week 1 to intermediate at week 6 and intermediate-high

at week 12 indicates wound healing and fibrous tissue formation. This

scar tissue around the implanted materials could shield the sample

surfaces and limit ROS availability over time to slow degradation rates.

Additionally, the decrease in macrophages over time indicates a low-

ered immune response with reduced ROS concentrations, thereby

slowing degradation rates between weeks 6 and 12.

4 | CONCLUSIONS

Here, we have shown the ability to tune SMP foam degradation rates

in vivo by altering monomer chemistry. The dry Tg's above 40�C, high

shape fixity, and fast volume recovery allow for stable storage and

quick administration of samples at desired implant locations. We

TABLE 4 (Continued)

Tissue response score

1 Mid-stage healing to healed

2 Mid-stage healing

3 Early to mid-stage healing

4 Early-stage healing

5 Residual blood to early stage healing

6 Residual blood

Note: Scores associated with tissue responses are shown above.
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identified in vitro methods that better mimic in vivo degradation rates

in comparison with previous studies. As degradation mechanisms get

more complex in foams that degrade by both hydrolysis and oxidation,

it is more difficult to model in vivo degradation using simple in vitro

media. However, this information can still enable more accurate deg-

radation rate predictions in future studies. This SMP foam system

with tunable degradation rates can be used as a platform to design

degradable scaffolds for future tissue regeneration applications.
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