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a b s t r a c t 

Postoperative adhesions protect, repair, and supply nutrients to injured tissues; however, such adhesions 

often remain permanent and complicate otherwise successful surgeries by tethering tissues together that 

are normally separated. An ideal adhesion barrier should not only effectively prevent unwanted adhesions 

but should be easy to use, however, those that are currently available have inconsistent efficacy and are 

difficult to handle or to apply. A robust hydrogel film composed of alginate and a photo-crosslinkable 

hyaluronic acid (HA) derivative (glycidyl methacrylate functionalized hyaluronic acid (GMHA)) represents 

a solution to this problem. A sacrificial porogen (urea) was used in the film manufacture process to im- 

part macropores that yield films that are more malleable and tougher than equivalent films produced 

without the sacrificial porogen. The robust mechanical behavior of these templated alginate/GMHA films 

directly facilitated handling characteristics of the barrier film. In a rat peritoneal abrasion model for ad- 

hesion formation, the polysaccharide films successfully prevented adhesions with statistical equivalence 

to the leading anti-adhesion technology on the market, Seprafilm®. 

Statement of Significance 

Postoperative adhesions often remain permanent and complicate otherwise successful surgeries by teth- 

ering tissues together that are normally separated and pose potentially significant challenges to patients. 

Therefore, the generation of adhesion barriers that are easy to deploy during surgery and effectively 

prevent unwanted adhesions is a big challenge. In this study robust hydrogel films composed of algi- 

nate and a photo-crosslinkable hyaluronic acid (HA) derivative (glycidyl methacrylate functionalized HA, 

GMHA) were fabricated and investigated for their potential to act as a solution to this problem using a 

rat peritoneal abrasion model for adhesion formation. We observed the polysaccharide films successfully 

prevented adhesions with statistical equivalence to the leading anti-adhesion technology on the market, 

Seprafilm®, suggesting that such films represent a promising strategy for the prevention of postoperative 

adhesions. 
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. Introduction 

Postoperative adhesions are a major complication to otherwise

uccessful surgeries [1–8] . Despite tremendous effort s to resolve

his unwanted scar formation, there exists no consistently effica-

ious and safe solution [2 , 4 , 9 , 10] . Adhesions form in the normal,

cute phase of injury, and resolve in an equilibrium state between

brin deposition and fibrinolysis until the injury site has healed

11–13] . However, these fibrinous strands may remain well beyond

he healing period and tether tissues that are normally separated,
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ausing chronic pain and even loss of function, such as secondary

emale infertility and bowel obstruction affecting the quality of life

f the patients [2 , 5 , 10 , 14–17 ]. Adhesion formation occurs in up to

0% of abdominopelvic procedures [8] , requiring additional surgi-

al interventions in over 33% of patients [18] which presents huge

osts to the healthcare system (in excess of $3.45 billion (US) an-

ually in the USA) [19–22] . 

Effort s to resolve unwanted adhesions have included improve-

ents in surgical techniques [23] , pharmaceutical methods [24] ,

nd barrier devices to mechanically separate tissues [3] . Mechani-

al devices have had the greatest success of any adhesion preven-

ion method [13 , 25] . These devices include sprays, gels, solutions,

n situ gelling polymers, and pre-formed membranes made from

atural and synthetic polymers [10 , 26] . 

A variety of adhesion prevention devices made from natural and

ynthetic polymeric materials have reached the Food and Drug Ad-

inistration (FDA) approval. One of which is Seprafilm® (Sanofi,

aris, France), a pre-formed hydrogel membrane consisting of car-

oxymethylcellulose (CMC) and chemically modified HA. Despite

ts efficacy, the use of Seprafilm® is limited owing to its handling

ssues [27–29] . A dry Seprafilm is too brittle, sticks to tools, and

s not repositionable; and the wet film has poor mechanical in-

egrity and cannot be manipulated [2 , 10] . Interceed® (Gynecare,

thicon, Somerville, NJ) made from oxidized regenerated cellulose

as mixed reviews with some studies indicating adhesion induc-

ion [30] and limited efficacy in incomplete hemostasis [4] . Liq-

id based antiadhesion formulations like Adept TM (Baxter, Unter-

chleissheim, Germany) made of 4% icodextrin, is sutureless and

an be administered laparoscopically, but its fluidity causes leak-

ge from the surgical site with limited adherence to designated re-

ions [31] . Some gels and in situ gelling formulations as adhesion

arriers initially received much enthusiasm because of their abil-

ty to conform to tissue geometries and delivery via laparoscopy.

owever, injectable gels that are cross-linkable in situ were less fa-

orable because of long gelling times and assistance required from

xternal devices [2 , 32–35 ]. The liquid based anti-adhesion agents

re limited in their scope because they require complicated pro-

edures to spray at the targeted site [31] and have failed due to

ilution with bodily fluids and migration from the injury site [13] ,

nd crosslinked injectable gels such as Hyalobarrier R © (Anika Ther-

peutics, S.r.l., Abano Terme, Italy) may be hindered by uneven dis-

ribution at the injury site [36] . 

An ideal anti-adhesion barrier should have the following at-

ributes: be pliable, robust enough to withstand operating room

rocedures including laparoscopic delivery; maintain mechanical

ntegrity to facilitate repositioning within the surgical field; con-

orm to delicate tissue geometries; be mucoadhesive to avoid the

eed for sutures and staples; and have appropriate retention time

o effectively prevent unwanted adhesions during the critical heal-

ng period of 3–7 days [37–39] . 

In this study, we present a pre-formed hydrogel membrane

omposed of HA and alginate, both are natural polysaccharides

ell established for wound healing and anti-adhesion [40–46] . The

istinguishing feature of this membrane is a fibrillar ultrastructure

ttained by use of a sacrificial porogen (urea crystals) that imparts

oughness and elasticity to the films. This ultrastructure is obtained

y combining a photoreactive HA derivative, glycidyl methacrylate-

yaluronic acid (GMHA), alginate, and urea in aqueous solution.

he solution is then cast into thin films, dried and nucleated with a

rea seed crystal to initiate the growth of microscopic, branch-like

rea crystals throughout the membrane. This in situ crystallization

rocess compresses the polymers into microfibers [47] , which are

hen stabilized by crosslinking with UV light and calcium chloride.

horoughly rinsing the films with water washes away the urea

rystals, leaving behind an interconnected porous network running

longside the fibers. This simple processing method does not re-
uire expensive equipment, software programming and is readily

calable. Furthermore, the resulting toughness and elasticity can be

odified by tuning the membrane composition and crosslink den-

ity. 

The alginate component in this membrane undergoes a gradual

el-to-mucoadhesive transition. Calcium ions responsible for gela-

ion of the alginate are replaced with sodium ions, causing disso-

ution of the alginate into a mucous material [46] . This dissolution

ermits brief repositioning of the membranes in the surgical field,

s well as subsequent mucous adherence to tissues. 

The proposed innovative membrane solves the limitations of

he existing anti-adhesion devices. This pre-formed membrane is

asy to handle, can be manipulated while wet, is mucoadhesive,

nd can successfully prevent unwanted adhesions at a biologi-

al interface. Additionally, this membrane can be laparoscopically

elivered, and requires no additional equipment or suturing. The

nique fibrillar ultrastructure contributes to better mechanical and

andling properties. In addition, the porosity within the membrane

acilitates the diffusion of water, nutrients and oxygen through the

arge surface area [48] . The form and mechanical characteristics of

his adhesion barrier provide the foundation for excellent product

fficacy. 

. Materials and methods 

.1. Materials 

Medical grade sodium alginate Pronova UP LVG: 120 kDa, M/G

atio 0.67 was purchased from FMC Novamatrix (Sandvika, Nor-

ay). High molecular weight sodium hyaluronate from Streptococ-

us equi . with molecular weight 1.6 × 10 6 Da was obtained from

igma-Aldrich (St. Louis, MO, USA). Bacteria-derived high molecu-

ar weight sodium hyaluronate was also received from Genzyme, as

 generous gift (1.6 × 10 6 MDa, Genzyme, Cambridge, MA, USA).

rea in the form of small round crystalline pellets was obtained

rom EM Science (Gibbs-town, NJ) and was used as provided. Pho-

oinitiator Irgacure 2959 (I2959) was obtained from Ciba Specialty

hemicals (Basel, Switzerland). Photopolymerization was initiated

y a long-wave UV chamber fitted with a mercury lamp filtered

round 365 nm and with an intensity of 201 mWcm 

−2 (TOTAL-

URE UV Power Shot 1100 Curing Station, SPDI, Delray Beach,

L, USA). All other chemical reagents were obtained from Sigma-

ldrich. Dialysis tubing (3500 MWCO) was purchased from Spec-

rum Laboratories (Rancho Dominguez, CA, USA). Sterile filtration

as conducted using 0.22 μm bottletop filters (Corning Life Sci-

nces, Tewksbury, MA, USA). 

.2. Synthesis and characterization of glycidyl methacrylate 

unctionalized hyaluronic acid (GMHA) 

Hyaluronic Acid (HA) was modified with photocrosslinkable

ethacrylate groups by adaptation of two protocols involving

eaction of glycidyl methacrylate with hyaluronic acid (Fig. S1)

47 , 49] . A 1% w/v solution of HA was prepared in a 50:50 mix-

ure of acetone:water and stirred for 24 h at room temperature.

wenty molar equivalents of each glycidyl methacrylate and

riethylamine were added to the solution and stirred for 5 days

t room temperature. GMHA was precipitated using a 20-fold

olumetric excess of acetone and isolated by vacuum filtration.

he GMHA precipitate was then dissolved in water for 24 h at

oom temperature. The aqueous solution obtained was dialyzed

gainst excess distilled, deionized (ddI) water for 72 h and filter

terilized. The resulting solution was lyophilized and the GMHA

as stored in the desiccators at −20 °C. GMHA obtained was

issolved in D 2 O and characterized using solution state 1 H NMR

pectroscopy (Varian INOVA 500 MHz). The 1 H NMR signals
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were referenced to the residual HOD signal, assigned a value of

4.78 ppm. A pre-saturation pulse was used to suppress the water

peak. NMR data were processed with MestreLab MNOVA software.

The degree of methacrylation (DM) was determined by integration

of HA methyl protons (1.90 ppm) and methacrylate methyl protons

(1.85 ppm), and was found to be 0.22 mol of methacryloyl groups

per mole of disaccharide in HA (Fig. S2) [10 , 42 , 43] . 

2.3. Preparation calcium alginate/GMHA films (non-templated) 

A 1% w/v solution of 67% alginate / 33% GMHA (11 or 32) (w/v)

in ddI water was stirred at room temperature overnight with 0.05%

photoinitiator. Solutions were cast in a 72 mm by 72 mm form.

Forms were placed in a temperature and humidity controlled envi-

ronmental chamber from Cincinnati Sub-Zero (Cincinnati, Oh). The

temperature was held at 25 °C and humidity was held at 70% rel-

ative humidity (RH) during the casting period of 48 h. Forms and

solutions were kept from light at all times. Cast films were then

subjected to UV light from the chamber, depending on the experi-

ment. After photocrosslinking, if conducted, 50 mL of 100 mM cal-

cium chloride solution was pipetted on top of the cast film in the

form. Films were left to crosslink for 30 min. Films were removed

from molds, when possible, and transferred to petri dishes with

large volumes of ddI water. Films were rinsed exhaustively in ddI

water for 24 h. 

2.4. Preparation of alginate/GMHA films with sacrificial urea crystal 

template pores 

A solution of 1% w/v of 67% alginate and 33% GMHA, 2% w/v of

urea, and 0.05% w/v of Irgacure 2959 in ddI water was stirred at

25 °C for 12 h, always protected from light using an aluminum foil

around the container. Solutions were cast in custom-built polycar-

bonate forms (12.5 cm x 12.5 cm) and were placed in an environ-

mental chamber (Cincinnati Sub-Zero, Cincinnati, OH, USA) main-

tained at 25 °C and 70% RH for 48 h. Forms and solutions were

protected from light at all times. At 48 h, crystallization was initi-

ated with urea seed crystals, as previously described by Zawko and

Schmidt [47] . The alginate/GMHA films were crosslinked by expos-

ing to UV light for 30 s at a distance of 30 cm from the film sur-

face. The films were then ionically crosslinked in 100 mM calcium

chloride solution for 30 min followed by exhaustively rinsing with

ddI water for 24 h. Films prepared for in vitro and in vivo stud-

ies were maintained in sterile conditions in a laminar flow cabinet

under UV light. 

2.5. Thermogravimetric analysis (TGA) 

TGA testing (Mettler Toledo TGA 1 (Mettler-Toledo, Columbus,

OH, USA) was used for the analysis of samples (ca. 1–4 mg) heated

from 40 °C to 400 °C at a constant rate of 10 °C/min, under nitro-

gen gas pumped at 50 mL/min. All measurements were performed

in triplicate (Fig. S3). 

2.6. Scanning electron microscopy (SEM) 

Films were air-dried for 24 h, then sputter coated with 15 nm

of platinum/palladium just prior to imaging on SEM (Zeiss Supra

40 VP) with an acceleration voltage of 10 kV. 

2.7. Small angle X-ray scattering (SAXS) 

SAXS was conducted at the Texas Materials Institute. Data

in the range (qlow) to (qhigh) were obtained from a Molecular

Metrology custom SAXS instrument consisting of an Enraf-Nonious
otating copper anode source, double focusing beam condition-

ng (Ge mirror, Si(111) monochromator, Cu K α radiation), and a

20 mm multiwire, gas filled proportional detector. Silver behen-

te was used as a calibration standard. 2D raw data were aver-

ged to produce 1D data using Datasqueeze software ( http://www.

atasqueezesoftware.com ). 

.8. Tensile testing of hydrogel films 

Tensile testing was conducted according to ASTM standard

ethod D882 [50] with minor modifications (detailed hereafter),

n an Instron 3345 universal testing unit equipped with a BioPuls

ath and pneumatic submergible smooth grips separated by a

auge length of 25.4 mm. A load of 100 N was applied at a con-

tant cross head speed of 5 mm/min. Extension was measured with

 video extensometer. Microsoft Excel software was used to pro-

ess data. Film thicknesses were measured with a Vernier digi-

al micrometer (BGS, Germany) having a measuring accuracy of

.01 mm. The films obtained after cross-linking and rinsing were

ut into strips 5 mm wide and 75 mm length. Thickness measure-

ents were taken in triplicate for each strip. Films with variation

n thickness greater than 10% were discarded in accordance with

STM D882. Furthermore, any specimen with a thickness < 50 μm

r > 120 μm was also not included. Test samples were prepared

ith at least 24 h of soaking in ddI water at 25 °C. Specimens

ere marked at the grips with a paint pen, for video extensome-

er recognition. An aqueous bath, at 25 °C, was lifted to submerge

he specimen, and tests were started immediately. Grip faces were

rapped in masking tape for tear prevention, as recommended by

nstron. Specimens were pulled in tension at 5 mm/min strain rate

ntil catastrophic failure. Proper test completion was considered to

e any failure that did not occur at a nick, tear, or at other defect.

he Young’s modulus, measured in MPa, is a measure of intrin-

ic film stiffness [51] , and was calculated according to the ASTM

882 (Fig. S4 for calculations) as the slope of the force–extension

urve multiplied by the distance between the tension grips and di-

ided by the original area of the specimen (length x thickness),

Fig. S4, Eq. (1)). The elastic modulus (EM), tensile strength at

reak (TS), and percentage of elongation at break (%E) (Fig. S4,

q. (2)) were determined from the stress–Hencky strain curves, ob-

ained from force–deformation data. Toughness (T, mJ) was deter-

ined as the area under the true stress-strain curve, until strain

t break, εB (Fig. S4, Eq. (4)). All measurements were performed in

riplicate. 

.9. Dynamic mechanical analysis (DMA) 

Samples were prepared in the same way as that for tensile test-

ng. Dynamic mechanical analysis was conducted on a TA Q800

ith submergible chamber (TA Instruments, New Castle, DE). Films

ere pulled in tension for two testing sequences. The response to

inusoidal deformation over time was measured at 1 Hz frequency,

.1% strain, and 15 mm specimen length for 2 h. Frequency sweeps

rom 0.01 Hz to 200 Hz were conducted at 25 °C. The viscoelas-

ic properties of the films were quantified in terms of the storage

odulus (G’), the loss modulus (G’’), and the mechanical loss fac-

or tan δ. G’ is a measure of the elastic or solid-like component,

’’ is a measure of the viscous or liquid-like component, and tan

= 1 gives the point of gelation. G’ and G’’ were recorded when

teady-state was reached at a frequency of 1 Hz and represent the

oftness of the film, and the point of gelation gives an insight into

he overall gel stability. All measurements were performed in trip-

icate. 

http://www.datasqueezesoftware.com
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.10. Puncture testing of hydrogel films 

Puncture tests were performed using an adaptation of ASTM

5748 (Protrusion Puncture Resistance of Stretch Wrap Films). A

exture Analyzer TA-XTplus (Stable Micro Systems, Godalming, UK)

quipped with a 5 kg load cell and TexturePro CT software was

sed to analyze the films. The texture analyzer probe, TA39 with a

robe head diameter of 2 mm and probe motion speed of 1 mm/sec

as used for the puncture test. The force needed to puncture a

quare sample (25 × 25 mm) fixed in the TA-108S, the work done

uring this process, and the deformation of the film at the time

f puncture were measured. Film thickness was measured using a

crew micrometer (Mitutoyo, Neuss, Germany) and at five different

laces throughout the film. 

.11. Dissolution studies 

After preparation and rinsing, films were cut with a six-inch

lade into four equally sized pieces, with ribbing discarded. Film

ieces were placed in a weighing boat in a dessication oven at

0 °C overnight. Dry weights were recorded using a high precision

alance. Film pieces were exposed to 5, 10, 20, 30, 45, or 60 min in

00 mM citrate (pH 7.4) in dynamic conditions. At the determined

ime point, films were removed from citrate and washed three

imes in ddI water. Films were then dried in a dessication oven

t 50 °C overnight. Final weights were recorded using a high pre-

ision balance. Throughout the dissolution study the films stayed

n the same weigh boat except when being weighed. The dissolved

lm pieces did not stick to the weigh boat and could be easily re-

oved without mechanical damage or loss of material. 

.12. In vitro cell culture studies 

.12.1. HDF cytocompatibility 

Templated Alginate/GMHA-blended films used for cell studies

ere made under sterile conditions. Films were rinsed for 24 h

nd exhaustively washed with sterile water (WFI cell culture, Corn-

ng) prepared using 100 μL of gentamycin (50 μg/mL) in wa-

er. Cytotoxicity studies were conducted in accordance with ISO

0,993-5 for in vitro cytotoxicity (ISO 2009). Briefly, 9.7 cm 

2 of

lm was placed in 3 mL of cell culture medium (DMEM plus 10%

BS and 1:100 PSA) on a rocker at 37 °C for 24 h. Human der-

al fibroblasts (HDF, Cambrex) were seeded into 96-well tissue

ulture chambers at 15,0 0 0 cells/mL for 12 h. Cells were then in-

ubated with extractions from leaching media for 24 h. Cells were

xed with 4% paraformaldehyde in phosphate-buffered saline (PBS,

H 7.4, 150 mM NaCl, 10 mM phosphate salts) and stained with

 μM calcein AM and 4 μM ethidium homodimer-1 (Life Tech-

ologies, Grand Island NY, USA). Cell viability was assessed using

he Celltiter Glo® luminescent cell viability assay (Promega, Madi-

on WI, USA). All measurements were performed in triplicate. 

.12.2. HDF cell adhesion 

To assess cell attachment to the templated Alginate/GMHA

lms, a direct-contact test was conducted in a custom-built poly-

arbonate well (2.54 cm x 2.54 cm x 3.81 cm) with a rubber

asket. The well was tightened over a templated film, or over a

etri dish control surface. After assembly, poly- ι-lysine (PLL, 75-

50 kDa, Sigma-Aldrich) was added to the wells over a petri dish

ontrol surface. After two hours, PLL was washed away by suc-

essive washes with PBS. Normal adult human dermal fibroblasts

HDF) cells were then seeded 20,0 0 0/well to all wells with 300 μL

erum-free media (DMEM and 1:100 PSA). Samples were incubated

or 3 h at 37 °C, after which they were rinsed with PBS to re-

ove non-adherent cells and fixed with 4% paraformaldehyde in

BS, and stained with 4 ,́6-diamidino-2-phenylindole (DAPI, 1:400
ilution in ddI water, Invitrogen) and phalloidin-Alexafluor 488

1:300 dilution in blocking buffer, Invitrogen). Cells were imaged

y epifluorescence at 20x magnification. All measurements were

erformed in triplicate. 

.13. In vivo studies 

.13.1. Rat cecal/sidewall abrasion model 

All animal testing was conducted at The University of Texas at

ustin Animal Research Center (UT-ARC) under the approval of the

nstitutional Animal Care and Use Committee (IACUC) for proto-

ol AUP-2010-00164. Sprague-Dawley female rats aged 25–35 days

220–260 g) were purchased from Charles River (Wilmington, MA),

cclimated for 3 days, and maintained under a pathogen-free envi-

onment. All interventions were performed during the normal light

r dark cycle. Animals were anesthetized with isoflurane (5% in-

uction, 2% maintenance). A midline laparotomy incision of 4 cm

as performed, and the cecum was identified. The entire sur-

ace of the cecum was abraded with sterile surgical gauze until

he serosa was removed, as evidenced by redness and punctuate

leeding without hemostasis. Then, a defect of partial thickness

n the abdominal wall was created by a #15 scalpel (Bard, Mur-

ay Hill, NJ, USA). Approximately 2 cm 

2 of the parietal peritoneum

as removed. Ten experimental rats received 9.7 cm 

2 Seprafilm

Genzyme Corporation, Cambridge, MA) placed between the de-

erosalized surfaces. Ten animals received 9.7 cm 

2 alginate/GMHA

rea-templated films in the same manner. No additional interven-

ions were performed to negative control animals ( N = 10) after

he approximation of abraded cecum to the abraded abdominal

all. For all animals, the abdominal layers and skin incisions were

losed separately with interrupted 3.0 vicryl sutures on a SH nee-

le (Ethicon, Somerville, NJ, USA), a nylon monofilament suture in

 subcuticular fashion and surgical clips, when necessary. At 14

ays postsurgery, the animals were sacrificed and the abdominal

all was exposed by a U-shaped incision to assess the presence

nd extent of adhesions. Adhesions were evaluated on a 4-point

ubjective scale by three clinical surgeons (Seton Family of Hospi-

als, TX, USA), who were blinded to the study specifics and results,

nd were otherwise not included in the surgical procedures. Ad-

erence was evaluated post-mortem by gross observation, manual

anipulation and irrigation with saline. Rats were monitored twice

aily to ensure normothermia, satisfactory analgesia, and adequate

espiratory function. 

.13.2. Adhesion grading scale 

For each animal the number of adhesions and their anatomical

ocations were recorded. The severity of the adhesions was graded

ccording to the tenacity or difficulty of separating the adhered tis-

ues [18] . Grade 0 was assigned to animals that had no adhesions.

rade 1 was assigned to adhesions that were the least severe and

eparable by gravity alone. Grade 2 adhesions were moderately se-

ere and were separable by blunt dissection. Grade 3 adhesions

ere the most severe, such as the whole of the cecum adhered

irectly to the abdominal wall, and were separable only by sharp

issection and unavoidable reinjury of the underlying tissue). Pho-

ographs of the different grades of adhesion can be found in the

upporting information (Fig. S5). 

.14. Statistical analysis 

Kruskal-Wallis pairwise comparison was conducted on R soft-

are (Vienna University of Economics and Business, Austria). Sta-

istical data are presented as mean ± standard deviation (SD). Stu-

ent’s t -test was used to compare mean values between the two

roups (two-tailed). A difference of p < 0.05 was considered to be

tatistically significant. 
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Fig. 1. A-C) SEM images of Alginate/GMHA films. (A) without crystal templating (scale bar 10 μm). (B) with urea crystal-templating (scale bar 10 μm). (C) with urea 

crystal-templating (scale bar 2 μm). (D) Photograph of Alginate/GMHA film prepared with urea templating with a contrast added close-up of film fibers in inset. 

Fig. 2. Small angle x-ray scattering (SAXS) of films. Black line) Alginate and GMHA 

films without urea crystal templating. Gray line) Alginate and GMHA films with 

urea crystal templating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Mechanical Properties of alginate/GMHA non-templated films and alginate/GMHA 

urea templated films (based on calculations summarized in Fig. S4). 

Non-templated 

films 

Urea-templated 

films 

Young’s Modulus (MPa) 3.9 ± 1.1 3.3 ± 1.0 

Tensile Strength (MPa) 3.8 ± 1.0 4.6 ± 0.6 

Elongation (%) 97 ± 14 136 ± 22 

Toughness (mJ) 9.7 ± 2.9 36.4 ± 14.1 

Storage Modulus (MPa) 35.0 ± 4.7 22.1 ± 4.0 

Loss Modulus (MPa) 4.2 ± 1.1 2.7 ± 1.5 

Gelation point (Hz) 100 ± 3 N/A 

Gelation point (Hz): Perpendicular to 

pores. 

N/A 77 ± 3 

Gelation point (Hz): Parallel to pores. N/A 63 ± 4 

% Elongation to break 67 ± 4 93 ± 10 
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3. Results and discussion 

3.1. Film preparation 

The successful modification of HA with glycidyl methacrylate

(Fig. S1) was confirmed by NMR (Fig. S2). Optionally a sim-

ple method of imparting macropores within the films using urea

crystals as sacrificial porogens (adapted from previously reported

methodologies) [47] was employed, and TGA was used to confirm

the removal of urea and other water soluble components (e.g. ini-

tiator and water soluble polymers not crosslinked to the films)

from the films after extensive washing (Fig. S3); urea is a metabolic

product of protein digestion, generally regarded as safe by the FDA

for a number of applications, and inexpensive, and therefore an in-

teresting material to enable the production of macroporous bioma-

terials as tiny amounts of residue would not be expected to have

a detrimental effect on the biological performance of the materi-

als in vivo . The morphologies of the resultant films were studied

by SEM ( Fig. 1 ), revealing the surface of non-templated films to be

rough with pores not clustered ( Fig. 1 A), whereas the urea crystal

templated films exhibited clustered pores with aligned microfibers

of lengths/widths greater than 10 μm ( Fig. 1 B and C). These mi-

crofibers are also visible by naked eye ( Fig. 1 D). Small angle X-ray

scattering (SAXS) studies were used to observe changes in X-ray

scattering intensity in the films ( Fig. 2 ). SAXS indicated a differ-

ence in scattering intensity at very low q ( ̊A 

−1 ) values that cor-

respond to 5–130 nm. The scattering intensity below 5 nm looks

similar for non-templated and urea templated films; however, for

the larger scale features (130 nm), the scattering intensity was ca.

140% higher for the templated films at q = 0.025 Å 

−1 , which is as-

sociated with higher density of features between 5 and 130 nm,
uggesting a higher density of polymer chains in the urea tem-

lated films than the non-templated films, which will influence the

echanical properties. 

.2. Mechanical properties of the films 

The mechanical properties of medical devices are critical to

heir successful use [52–56] . Tensile testing is used extensively to

etermine the fundamental material properties (tensile strength,

longation at break, Young’s modulus) of films [57–60] , and dy-

amic mechanical analysis (DMA) testing is useful for understand-

ng the viscoelastic properties of films, where changes in storage

nd loss moduli are related to shifts in the solid-like and elastic-

ike components of a material, offering an insight into overall film

tability. While these parameters are useful for the purposes of

omparison, these tests are not specifically designed for testing

lms in a way that captures their handling properties: for in-

tance, while tensile testing may provide toughness values, these

alues are highly sensitive to thickness measurements that may or

ay not be noticeable with regards to overall handleability, con-

equently we carried out puncture tests which are often used to

apture handling properties of films (e.g. buccal films) [61] . The

esults of these mechanical tests on the films are summarized in

able 1 . 

The tensile strength of the films will be influenced by cross-

inking of the alginate induced by calcium ions which results in

elation of the alginate component in the films, whereas the elon-

ation is in part attributable to the macroporosity, water content

nd the ability of polymer chains to move (Scheme S1). 

Urea templated films were pulled in tension and compared

ith non-templated films ( Table 1 ). Urea templated films were

ulled both parallel to and perpendicular to the visible pore direc-

ion, however, no statistically significant difference in values was

ound for large deformation testing, and therefore all urea tem-

lated films were combined and compared to non-templated films.

rea templated films had an insignificantly decreased Young’s

odulus when compared to non-templated films ( p = 0.76); the
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odulus decreased (by 22%) which was within standard deviation

f the non-templated film; an increase in tensile strength (by 26%)

f the templated films was not significantly different from the non-

emplated films ( p = 0.94). The decrease in Young’s modulus was

 result of increased elongation (by 55%, which was not statisti-

ally significant ( p > 0.05)). The toughness of a material is the

mount of energy it stores prior to catastrophic failure, and it is

ltimately a measure of allowed strain and is the area under the

rue stress-strain curve. As a result of markedly increased elonga-

ion, the toughness of templated films was as much as 500% higher

han the non-templated films ( p < 0.05). 

Templating films via urea crystallization causes compression

f viscous polymer around a crystalline network. The network of

ores and fibers contribute to the mechanical properties of tem-

lated films. The polymer network in the fibers may be more

ense than bulk polymers in non-templated films. Templating

ncreases film toughness as a result of increased elongation. It is

oteworthy that the macropores imparted by the sacrificial urea

rystals and the basket-like fibrous mesh of dense polymer to-

ether facilitate greater elongation via compression of void volume

nd decompression of the polymers in templated films than in

on-templated films when pulled in tension (Scheme S1, Table 1 ).

he porous structure and the fibrous network in templated algi-

ate/GMHA films allow greater stretch and strain (Scheme S1), and

he higher density of polymer chains (as confirmed by SAXS mea-

urements, Fig. 2 ) offers a degree of reinforcement allowing greater

longation (or strain) to fail. 

Dynamic mechanical analysis (DMA) provides a non-destructive

echanical analysis of materials by oscillating force within the

inear elastic region, which was utilized to reveal the viscoelas-

ic property changes imparted by urea templating. The storage

nd loss moduli were determined at 1 Hz ( Table 1 ), the stor-

ge modulus (G’) represents the solid-like component of a film,

hereas the loss modulus (G”) represents the liquid-like compo-

ent of a film. Imparting pores to the films reduce both the G’

nd G” when compared to the non-templated films; G’ signifi-

antly decreased (by 37%), and these values are in agreement with

he tensile testing, suggesting an overall decrease in stiffness in

he urea templated films. The anisotropic pores caused by urea

rystallization in the templated films may be expected to impart

nisotropic mechanical properties to the films [62] . High frequency

weeps were conducted to determine if the anisotropic pore direc-

ion could be detected in the urea templated films, where a ma-

erial with a higher gelation point is considered more stable than

 material with a lower gelation point. The gelation point is the

brupt change in viscosity of a solution arising from loss in flu-

dity and the formation of a 3-D network. The gelation point of

he non-templated films was 100 ± 3 Hz, and that for the tem-

lated films was 76 ± 3 Hz when pulled perpendicular to the di-

ection of the pores and 63 ± 3 Hz when pulled parallel to the

irection of the pores. The urea templation process reduced the

tability of an alginate/GMHA-blended film by approximately 21%

nd 35% when pulled perpendicular to and parallel to the direc-

ion of the pores, respectively. High frequency dynamic mechani-

al analysis indicated that templating decreased gel stability, with

ber alignment playing a role in that stability. These results con-

rm that there is fiber directionality which is not clearly demon-

trated in large deformation testing. Thus, templated films are

ougher, yet more liquid-like. Importantly, puncture tests revealed

hat templated films were significantly more pliable when com-

ared to non-templated films ( Table 1 ). The percent elongation to

reak for non-templated films was 67 ± 4, whereas for templated

lms was 93 ± 10 (a 38% increase relative to the non-templated

lms) which was also evident from the macroscopic handling per-

pective, as the templated films can withstand greater pulling and

tretching. 
.3. In vitro validation studies 

An in-vitro cytocompatibility study was conducted by culturing

ormal HDFs in the presence of degradation by-products of the

emplated alginate/GMHA films. HDFs were selected for this study

s these cells are relevant to adhesion formation, and are respon-

ers to injury. The films were degraded in cell media consisting of

MEM plus 10% FBS and 1:100 PSA. A poly-L-lysine (PLL) coated

issue culture polystyrene control surface for optimal cell survival

as compared to survival of cells exposed to 0.75% concentration

f extract from the degraded film in media, per ISO 10,993-5. Eight

rials were run per film, and studies were conducted in triplicate

ncluding controls. Results were normalized per the PLL-coated tis-

ue culture polystyrene control surface. Fibroblasts exposed to ex-

racts of degraded films had the same cell survival rate at 24 h as

hat for fibroblasts on the PLL-coated substrates in the absence of

he film byproducts ( p = 0.98). This study established that the film

egradation by-products are not cytotoxic ( Fig. 3 ) and supports fur-

her evaluation of these films for in-vivo studies. 

The anti-adhesive behavior of templated alginate/GMHA 

lended films was assessed using HDFs in experimental conditions

onducive for cellular adhesions. HDFs were selected for this

tudy because they are known to adhere to a variety of surfaces

ia secretion of fibronectin which form prominent actin bundles

63] . Serum-free medium was used to prevent any serum inter-

erence with cellular adhesion. The attachment and proliferation

f fibroblasts exposed on a PLL-coated plastic control surface and

n the templated alginate/GMHA film surface in a serum-free

edium was compared. Fibroblasts were assessed at six hours

fter seeding, and imaged by epifluorescence at 20x magnification.

hile positive control PLL-coated plastic substrates supported the

ttachment of HDFs, as shown with DAPI and phalloidin stained

DFs ( Fig. 3 ), HDF attachment on the surfaces of the polysaccha-

ide films was vastly reduced (by 96.79% ± 3.37%) when compared

o the PLL-coated plastic, confirming that the polysaccharide films

re non-adhesive. Alginate and HA containing films are highly

ydrophilic and have anti-adhesion properties in part because of

heir anionic nature [46 , 64] . 

For success as an anti-adhesion barrier, the dissolution rate

hould be high. To understand the impact that templating had

n dissolution we exposed templated and non-templated films to

.1 M citrate to chelate the calcium ions (Fig. S5). Dissolution be-

ins upon release of calcium ions and the GMHA remnants are not

isible in aqueous solutions. Templating reduced the dissolution

ate of films (concomitant with increased chain density Fig. 2 ), ex-

ending the theoretical in vivo residence time. At 60 min, the mass

f template films remaining was 25.6% ± 3.6 of the mass at the

tart, and completely dissolved after 120 min; by contrast the non-

emplated films dissolved within 30 min. The observed film dis-

olution upon calcium ion release facilitates brief repositioning of

he membranes in the surgical field, as well as subsequent mucous

dherence to tissues. 

.4. In vivo validation studies 

The in-vitro cytocompatibility and fibroblast adhesion study

rovided efficacious data to support the application of algi-

ate/GMHA films for prevention of post-operative adhesions. In

ivo validation tests used a rat peritoneal (cecal/sidewall) abrasion

odel ( Fig. 4 ) which is defined, documented, and accepted as the

ptimal model for anti-adhesion testing [65–68] . Rat abdominal

dhesions form quickly, can be assessed grossly on an industry-

ccepted subjective scale ( Fig. 5 , Figs. S6 and S7), and are most

imilar to human adhesion formation in both timing and place-

ent [69] . While there are slight variations of this model, the

eneral approach involves placing two injured tissue surfaces in
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Fig. 3. In vitro assessment of Human Dermal Fibroblast attachment and survival on films. (A) Cytocompatibility: HDF survival (%) when exposed to degraded urea templated 

alginate/GMHA film effluent (0.75% concentration of extract from degraded film in media, per ISO 10,933-5) normalized relative to a PLL control surface (time = 24 h, 

experimental number = 24). HDF adhesion (%) in serum-free medium normalized relative to a PLL control surface. (B) HDFs on PLL. C) HDFs on non-templated Alginate/GMHA 

films. HDFs were stained with DAPI and phalloidin. Scale bars represent 100 μm. 

Fig. 4. Rat cecal/sidewall abrasion model of abdominal adhesions. (A) The rat abdominal cavity was opened by midline incision. (B) 6.5 cm 

2 section of the abdomen was 

abraded with a scalpel. (C) The entire surface of the cecum was abraded with sterile gauze. (D) Insertion of membrane for anti-adhesion efficacy testing between the cecum 

and abdominal wall. 

Table 2 

Results of in vivo studies. 

Grade 0 Grade 1 Grade 2 Grade 3 p-value Film Remnant 

Control 1 0 2 7 N/A N/A 

Seprafilm ® 8 0 1 1 0.0020 0 

Urea-templated film 9 0 1 0 0.0004 7 
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proximity to each other, either without or with a barrier between

them, followed by assessment of adhesion formation between the

two injured surfaces. A pilot efficacy study was conducted with

30 animals (3 groups, N = 10): one group of 10 rats was a neg-

ative control group that received no treatment; one group of 10

rats was a positive control group that received the leading com-

mercially available anti-adhesion device, Seprafilm®; and the ex-

perimental group received urea templated alginate/GMHA films.

Necropsy was conducted at 14 days post operation and the results

are summarized in Table 2 . There were no signs of hemorrhage, in-

fection or unexpected death of animals before the planned sacrifice

time. 

Cecum-to-abdominal wall adhesions were successfully induced

using the sidewall defect and cecum abrasion model in rats. Ad-

hesions in 90% of untreated negative control animals (animals that

were injured but received no barrier agent treatment on the de-

fect) indicated successful implementation of this animal model.

These were heavy adhesions around the peritoneum and cecum,

and sharp dissection was required to detach the large fibrous tissue
ridging the surroundings of both. The positive control, Seprafilm®

reatment, successfully prevented unwanted adhesions in 80% of

he animals. This value is statistically significant when compared to

he negative control group ( p = 0.002). The remaining 20% of ani-

als treated with Seprafilm® suffered with heavy adhesions with

cores 2 and 3. The urea templated alginate/GMHA films success-

ully prevented adhesions in 90% of the animals. This value is sta-

istically significant when compared to the negative control group

 p = 0.004). The defects were almost repaired within two weeks.

nly 1 out of 10 animals showed moderately severe adhesions that

as separable by a blunt dissection. Both treatment groups pre-

ented adhesions with statistical significance compared to the un-

reated controls ( p < 0.05). Effective membranes are anticipated to

xhibit grade 0 adhesions in greater than 70% of the treated ani-

als based on literature reports for HA/CMC membranes in the rat

ecal abrasion model (Burns et al. 1997). The results of this pilot

tudy demonstrate that the templated alginate/HA films are effec-

ive at preventing adhesions without impacting the normal tissue

ealing process. 
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Fig. 5. Adhesion grading scale. (A) Grade 0: no adhesions. (B) Grade 1: Least severe adhesions, separable by gravity. (C) Grade 2: moderate severity adhesions, separable by 

blunt dissection. (D) Grade 3: Severe adhesions, separable only by sharp dissection. Arrow indicates a fibrous adhesion tethering the cecum to the abdominal wall. 
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This study demonstrated that the templated alginate/GMHA

lms possess favorable handling properties and can be successfully

sed as anti-adhesion barriers. The alginate/GMHA films are me-

hanically robust, can be rolled up for laparoscopic insertion, can

e applied wet, and are briefly repositionable, which represents

n advantage over the current market leader Seprafilm®. Further-

ore, presence of film in vivo at 14 days postoperative suggests a

onger dissolution rate than Seprafilm®. This reduced dissolution

ate could be exploited for an indication with longer-term resi-

ence or combined with semi-prolonged drug release. 

. Conclusions 

Here we present polysaccharide membranes with anti-adhesive

roperties that address a specific clinical need for materials that

re easy to handle and deter/prevent postoperative adhesions be-

ween biological interfaces. A simple, bench-top process using urea

s a sacrificial porogen enabled the creation of macropores within

hree-dimensional alginate/GMHA films. The resulting films that

re more malleable and tougher than equivalent films produced

ithout the sacrificial porogen. In a rat peritoneal abrasion model

or adhesion formation, the polysaccharide films successfully pre-

ented adhesions with statistical equivalence to the leading anti-

dhesion technology on the market, Seprafilm®. 
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