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Adhesions are fibrous bands of scar tissue that form between 
internal organs and their surrounding tissues as a result of 
natural healing processes following surgery, bodily injury or 

inflammation. More than 20 million Americans undergo invasive 
surgery each year, and adhesions develop after 95% of all opera-
tions, regardless of the procedure or location in the body1. Following 
abdominal surgery, many patients experience post-operative adhe-
sion-related complications such as severe pain and/or organ dys-
function, with 15–30% requiring a second operation to release the 
adhesions (that is, adhesiolysis)2–6. In cardiothoracic surgery, 6–17% 
of all coronary bypass and valve repair or replacement surgeries are 
reoperations7–9, in which the presence of adhesions substantially 
lengthens operation times and magnifies the risk of injury to the 
heart, lung and great vessels during sternal re-entry and cardiac dis-
section. Patients with congenital heart disease, who represent nearly 
1% of all live births10, commonly require several redo cardiac opera-
tions over the course of a lifetime, such that 33% of all paediatric 
and congenital heart surgeries are reoperations11. Overall, the treat-
ment of post-operative adhesions costs the United States healthcare 
system over US$2.5 billion annually, and adhesion-related compli-
cations result in nearly 1 million additional days of inpatient care 
each year, thus presenting a major unmet clinical need for effective 
post-operative adhesion barriers12.

Current options for adhesion prevention consist of solid poly-
mer or hydrogel films made from polysaccharides and/or syn-
thetic polymers (resorbable and non-resorbable varieties) that are 

designed to serve as a physical barrier between scarring tissue and 
surrounding organs. The two most common commercial products 
are indicated for use only in the abdomen and are solid, resorbable 
membranes composed of hyaluronic acid and carboxymethylcellu-
lose in the form of a film (Seprafilm, Sanofi/Genzyme) or a woven 
fabric (Interceed, Ethicon). In practice, these products are difficult 
to deploy to completely cover the target tissues and form an effective 
physical barrier. These barriers often fail to prevent or limit adhe-
sions as they often degrade too quickly after surgery or become dis-
lodged owing to natural tissue movement13. Furthermore, films and 
fabrics cannot be made to cover the entire surface area of tissues 
with irregular surfaces or those that are heavily folded (for exam-
ple, great vessels of the heart and small intestine, respectively)14. 
Therefore, any uncovered intervening spaces remain at risk of adhe-
sion formation despite the use of these sheet-like barriers.

To circumvent the difficulties associated with the application of 
solid barriers, sprayable polymer solutions comprising chitosan, 
hyaluronic acid and/or carboxymethylcellulose have been investi-
gated15–17. While sprayable polymer solutions are simple to apply, 
they are only mildly effective at preventing adhesions because of 
their short residence time at the site of the injured or inflamed 
tissues18,19. Sprayable pre-polymer solutions that undergo in  situ 
polymerization (for example, thiol-maleimide or thiol-acrylate 
Michael-addition reactions, amine-aldehyde or oxide-aldehyde 
imine-forming reactions, or photo-initiated radical polymerization) 
to form covalent hydrogels with tunable mechanical properties,  
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similar to those of soft biological tissues, have been shown to 
increase the local residence time in the body20–26. However, the irre-
versibility of the crosslinks in these systems generally makes them 
brittle and/or unable to accommodate the dynamic movement of 
tissues in the body. These covalent hydrogel systems fracture and/
or become dislodged, resulting in failure to inhibit adhesion forma-
tion27. Other potential side effects of in situ polymerization include 
crosslinking of the native tissues and greater adhesion formation due 
to the non-bioorthogonal nature of the chemistries used for hydro-
gel crosslinking27. Furthermore, marked swelling of these materials, 
reaching volumetric expansion in excess of 400%, can result in car-
diac tamponade or mechanical compression of the heart28,29. Despite 
the overwhelming clinical need for adhesion barriers for abdomi-
nal and cardiothoracic surgery, commercial adhesion barriers have 
been poorly adopted in practice, with an application rate of less than 
10% in candidate abdominal surgeries30.

On the basis of these limitations, the ideal adhesion barrier  
should exhibit the following properties: (1) tunable shear- 
thinning and rapid self-healing to enable spraying or spreading 
on the tissue of interest; (2) tissue adherence to ensure local reten-
tion over clinically relevant time frames; (3) a high degree of bio-
compatibility; and (4) viscoelasticity, to enable organs and tissues 
to move freely relative to one another to effectively prevent adhe-
sions (Fig. 1). Encompassing these characteristics, supramolecu-
lar polymeric hydrogels constitute a distinct alternative approach 
for post-operative adhesion prevention (Fig. 1b). These materials 
exhibit highly tunable viscoelastic mechanical properties, shear-
thinning and rapid self-healing, which together enable them to be 

deployed by simple spraying or spreading using standard equip-
ment, or by catheter delivery or direct injection31–36. Further, these 
types of materials do not appreciably swell like most covalently 
crosslinked hydrogels, because they typically dissolve as their 
dynamic crosslinks dissociate32 (Supplementary Fig. 1). We previ-
ously developed a supramolecular polymeric hydrogel that exploits 
polymer–nanoparticle (PNP) interactions between hydrophobically 
modified cellulose derivatives and nanoparticles32–34,37–42. These 
PNP hydrogels are formed by simple mixing of aqueous solutions 
of dodecyl (C12)-modified hydroxypropylmethylcellulose (HPMC) 
(that is, HPMC-C12) with biodegradable polymeric nanoparticles 
comprising poly(ethylene glycol)-b-poly(lactic acid) (PEG–PLA; b 
denotes the block copolymer) (Fig. 1c). In addition, the simplicity 
of their preparation through a self-assembly process enables PNP 
hydrogel manufacturing to be easily scaled up, producing materials 
with identical mechanical properties on any scale43. On the basis of 
the broadly tunable viscoelastic mechanical properties and excel-
lent biocompatibility of PNP hydrogels34, we hypothesized that this 
material could constitute a simple-to-deploy adhesion barrier to 
effectively prevent post-operative adhesions.

Viscoelastic and flow properties of the PNP hydrogel
Each of the suggested physical parameters describing the ideal 
adhesion barrier was modulated by alteration of the PNP hydro-
gel formulation. A series of PNP hydrogels comprising HPMC-C12 
and PEG–PLA nanoparticles was created by controlling the con-
centration of both components; we denote hydrogel formulations 
as polymer:NP (wt%:wt%). PNP 1:10 and PNP 2:10 hydrogels both 
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Fig. 1 | Overview of PNP hydrogel adhesion barrier. a, Schematic representation of adhesion formation between two tissues. b, Schematic representation 
of previous approaches to prevent adhesions using solid adhesion barriers to physically separate organs and tissues. Such stationary adhesion barriers 
include the two best-known commercial products, Seprafilm (film) and Interceed (fabric), and covalently crosslinked hydrogels formed by in situ 
polymerization of precursor macromers. Our approach uses dynamically crosslinked, shear-thinning, self-healing and viscoelastic polymer hydrogels 
that are placed between organs and tissues, allowing these structures to move naturally. c, Our materials exploit multivalent and dynamic non-covalent 
interactions between hydrophobically modified HPMC-C12 and PEG–PLA to form hydrogels that can be sprayed with standard equipment, adhere to tissue 
(HPMC-C12 is tissue adhesive) and provide a viscoelastic barrier between organs and tissues to inhibit adhesion formation.
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exhibited solid-like behaviour—that is, storage modulus (G′) > loss 
modulus (G″)—and linear viscoelastic responses up to strains 
exceeding 100% in strain-dependent oscillatory rheological mea-
surements (Fig. 2a). These results indicate that the hydrogels exhibit 
an extremely broad range of strains over which the solid-like proper-
ties are preserved. For reference, the highest strains experienced by 
tissues in the body are typically about 10% (ref. 44); this means that 
the engineered material properties of the hydrogel are likely to be 
maintained in the dynamic environment in the body. Further, PNP 
hydrogels exhibited a frequency response that was highly depen-
dent on the formulation in frequency-dependent oscillatory shear 
experiments performed in the linear viscoelastic regime (Fig. 2b).  
For comparison, the storage modulus (G′) taken at frequency 
(ω) = 10 rad s−1 was used as a measure of hydrogel stiffness and the 
ratio tan δ = G″/G′, taken at ω = 10 rad s−1 was used as a metric of 
hydrogel viscoelasticity (Fig. 2c). PNP 1:5, 1:10 and 2:10 maintained 
solid-like behaviour over the entire range of observed frequencies 
(ω = 0.1 to 100 rad s−1), whereas PNP 1:1 and 0.2:10 were fluid-like. 
Step-strain measurements were performed to demonstrate recov-
ery of the dynamic material response of the PNPs following net-
work rupture at high strains. High-magnitude strain (ε = 750%) 
was applied to break the hydrogel structure; this was followed  
by low magnitude strain (ε = 0.5%) to investigate the rate and extent 
of hydrogel recovery to the initial mechanical properties (Fig. 3d). 
PNP 1:5, 1:10 and 2:10 hydrogels underwent a marked change to 
fluid-like behaviour at high strains, indicated by an inversion of 

G′ and G″, but rapidly recovered (within 5 s) their initial solid-
like dynamic response when the strain decreased. This behaviour 
was repeatable over several cycles, indicating that the shear thin-
ning is driven by the rupture of the non-covalent crosslinks and not 
through cleavage of covalent bonds within the polymers.

Steady-shear and step-shear measurements were performed to 
investigate the flow properties of these materials, which are highly 
relevant to flow-based processes such as spraying, spreading or 
injection (Fig. 2e,f). PNP hydrogels were highly shear-thinning 
(Fig. 2e), reducing their viscosity by more than three orders of mag-
nitude over shear rates extending from 0.1–100 s−1. The recovery of 
the mechanical properties of the PNP hydrogel following network 
rupture and flow at high shear rates, such as those imposed on the 
gel when spraying or injecting onto target tissues, were measured 
with step-shear experiments. High shear rates (100 s−1) followed by 
low shear rates (10 s−1) were applied to the hydrogel while moni-
toring the viscosity (Fig. 2f). Again, the PNP hydrogels showed 
marked shear-thinning at high shear rates, decreasing in viscosity 
by roughly three orders of magnitude, but quickly recovered their 
original viscosity when the shear rate was decreased. Similar to 
step-strain measurements discussed above, this rapid and complete 
recovery of mechanical properties was observed over several cycles.

The adhesion of PNP hydrogels to a model tissue, rat hypoder-
mis, was characterized using yield-stress measurements (Fig. 2g). 
In these experiments, we determined the yield behaviour of PNP 
hydrogels alone in a standard geometry and on rat hypodermis. 
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Fig. 2 | Mechanical characterization of PNP hydrogel adhesion barrier. a,b, Strain-dependent (a; ω = 10 rad s−1, 25 °C) and frequency-dependent  
(b; ε = 2%, 25 °C) oscillatory shear rheology of PNP hydrogels comprising HPMC-C12 and PEG–PLA nanoparticles. c, Overview of oscillatory rheological 
properties of a series of PNP hydrogels (ω = 10 rad s−1, ε = 2%, 25 °C). d, Step-strain measurements of PNP 1:10 and 2:10 hydrogel formulations with high 
strains (destructive; 750%) and low strains (restorative; 0.5%) to characterize extent and rate of stationary self-healing. e, Steady-shear rheology of 
various PNP hydrogel formulations demonstrating highly shear-thinning behaviour. f, Step-shear measurements of PNP 1:10 and 2:10 hydrogel formulations 
with high shear (100 s−1) and low shear (0.1 s−1) to characterize the extent and rate of flow-based self-healing. g, The experimental setup used to determine 
adhesion of PNP hydrogels to tissue (rat hypodermis). h, Yield stress behaviour of PNP 2:10 and 1:10 hydrogels in a standard parallel-plate geometry and 
on rat hypodermis in a stress-ramp experiment performed at a rate of approximately 1.5 Pa s−1. i, Yield stress values of PNP hydrogel formulations obtained 
from the peak viscosity observed in the stress ramp.
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We assumed that rat hypodermis would be an adequate predictor 
of PNP adhesion to tissues of interest such as epicardium, parietal 
pleura, mucosa and serosa, owing to the similarity of the tissues. 
For PNP 2:10 and 1:10 hydrogel formulations, the yield stress of 
the material is equivalent whether it is on tissue or not on tissue 
(Fig. 2h), indicative of a cohesive yielding behaviour (failure of the 
gel itself) and not adhesive failure between the hypodermis and gel 
(Fig. 2i). PNP 1:5, 1:10 and 2:10 hydrogels exhibited formulation-
dependent yield stresses that were cohesive in nature, whereas 
PNP 1:1 did not exhibit a yield stress, probably owing to its fluid-
like properties.

In vivo efficacy in a rat model of pericardial adhesion
To investigate the efficacy of the PNP hydrogel system, we created a 
reliable rat model of severe post-operative pericardial adhesions by 
inducing a myocardial infarction45–50. The inflammation and tissue 
damage occurring in this model reproducibly generated robust car-
diac adhesions. The myocardial infarction model exhibited a greater 
incidence of severe adhesions, thus potentially providing a better 
predictor for a translationally relevant solution. An anterolateral 
myocardial infarction was induced in rats by permanent ligation of 
the left anterior descending coronary artery (LAD; Fig. 3a). Infarct 
size was controlled in all treatment groups by ligating the LAD at 
the same location in each surgery and visually assessing the extent 
of ventricular pallor before securing the suture knot.

Immediately following ligation, rats (n = 6 per group) were ran-
domized to receive either one of a series of PNP hydrogels (0.2:10, 
1:1, 1:5, 1:10 or 2:10; 200 μl), commercially available adhesion bar-
riers Interceed or Seprafilm (1 cm2) or no treatment (that is, con-
trol) before closing the thoracotomy. Rats were euthanized four 
weeks later to evaluate the anti-adhesive efficacy. A sternotomy was  

performed to visualize adhesion formation and to assess the in vivo 
efficacy of the PNP hydrogel treatments (Fig. 3a–c). Using vid-
eos and images, adhesion scores were assigned using a standard,  
double-blinded clinical-scoring system on a scale from 0 to 5 (ref. 22)  
(Fig. 3e and Supplementary Videos 1–8). The scoring system ranged 
from no adhesions (0), a few filmy adhesions (1), numerous filmy 
adhesions (2), moderate adhesions (3), dense adhesions (4) and very 
dense, vascularized adhesions (5). Finally, adhesions were removed 
and the heart was explanted for histological analysis. The infarct 
size was measured by the percentage of the left ventricular wall that 
was infarcted to ensure all animals experienced similar infarct sizes, 
inflammatory responses and tissue necrosis, which contribute to 
adhesion formation (Fig. 3d).

In the untreated control group, the hearts were completely 
adhered to the chest wall (Fig. 3a), presenting an adhesion score 
of 4.2 ± 0.8 (all results are shown as mean ± s.d.) and demonstrat-
ing the reliability of the myocardial infarction model in forming 
adhesions in the thoracic cavity. Commercial adhesion-barrier 
treatment groups presented with adhesion scores of 3.8 ± 0.8 and 
3.3 ± 1.2, which were not statistically different from that of the con-
trol group (Fig. 3b). Rats treated with a PNP hydrogel adhesion 
barrier exhibited formulation-dependent adhesion scores, likely 
due to the differences in viscoelasticity and yield stress of the vari-
ous materials investigated. Solid-like PNP hydrogel formulations 
(G′ > G″) 1:5, 1:10 and 2:10 all formed physical adhesion barriers 
that significantly reduced the incidence and severity of adhesions 
when compared with the untreated control group, albeit with for-
mulation-dependent efficacy and variability. By contrast, liquid-like 
PNP formulations (G″ > G′) 0.2:10 and 1:1 did not significantly 
inhibit adhesions, presumably owing to their propensity to flow 
under low stress.
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Fig. 3 | Prevention of pericardial adhesion in a rat model. a. Schematic illustration of induced myocardial infarction, whereby the LAD is ligated to prevent 
blood flow to the myocardium, leading to local myocardial infarction (top). Representative image (n = 6) of an untreated control heart four weeks after 
infarction (bottom). b, Illustration of immediate administration of Interceed or Seprafilm following the infarction (top) and representative image (n = 6) 
of a heart treated with a commercially available adhesion barrier (bottom), four weeks after infarction. c, Illustration of administration of PNP hydrogels 
immediately following infarction (top) and a representative image (n = 10) of the in vivo efficacy of PNP hydrogel (1:10), four weeks after infarction. 
The white arrows indicate adhesions. d, Infarct size, expressed as percentage of left ventricle wall circumference, was used as a measure of induced 
local inflammation to ensure consistency across treatment and control groups. Data presented as mean ± s.d. (n > 6). e, Double-blinded clinical scoring 
of adhesion formation four weeks following induction of the myocardial infarction model. Data presented as mean ± s.d. (n > 6 per group). Statistical 
significance was determined using a one-way analysis of variance (ANOVA) with multiple comparisons against untreated controls. NS, not significant; 
*P = 0.0156, ***P < 0.001 and ****P < 0.0001; n refers to biological replicates.
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PNP 1:10 performed the best as an adhesion barrier, as very 
minor adhesions were grossly observed, and animals presented 
with an adhesion score of 0.6 ± 0.5 (P < 0.0001) (Fig. 3c). The PNP 
2:10 hydrogel also yielded a low mean adhesion score of 1.8 ± 1.4 
(P < 0.001), but considerable variability in results was observed. 
Whereas PNP 1:5 hydrogel significantly reduced adhesions relative 
to the control group, with an adhesion score of 2.6 ± 0.4 (P < 0.05), 
it performed poorly when compared with the PNP 1:10 hydrogel 
group. These observations indicate that an optimal range of yield 
stress and/or storage moduli, as demonstrated by the PNP 1:10 
hydrogel, results in more effective and sustained coverage of tissue 
over the four-week period, effectively preventing adhesions.

PNP hydrogel retention at the site of application
We hypothesized that the local retention time of the hydrogel in 
the cardiac space would be strongly correlated with robust tissue-
adherence properties. The retention time frame of PNP 2:10, 1:10, 
1:5 and 1:1 hydrogel formulations in the cardiac space follow-
ing the thoracotomy was investigated with fluorescently labelled 
HPMC-C12 PNP hydrogels (Supplementary Fig. 2). Near-infrared 
(NIR) light sufficiently penetrates tissue to enable real-time imag-
ing of the dye-labelled PNP hydrogels in the cardiac space over the 
four-week cardiac-adhesion-formation studies51. In these studies, 
rats were treated with NIR-797-labelled PNP hydrogels directly fol-
lowing vessel occlusion and imaged on day 0, 1, 2, 5, 7, 13, 16, 20 and 
28 (Fig. 4). Following administration, hydrogels displayed intense 
signal in the pericardial space at the site of application (Fig. 4a). The 
signal steadily declined over the course of the study, indicating that 
the hydrogels persisted locally in the pericardial space for approxi-
mately two weeks (Fig. 4b). Since the reported pathophysiology for 
adhesion formation occurs 7–14 d after surgery, this time frame 
seems to be ideal for continual coverage and adhesion prevention in 
the thoracic cavity52. The overall relative retention for PNP 1:10 was 
significantly higher compared to the PNP 1:1 formulation (Fig. 4c). 
The increase in sustained retention in the PNP 1:10 group indicates 

a greater presence of material in the cardiac space over the course 
of the study. Due to the formulation dependency observed in the 
efficacy study, the overall material retention in the PNP 1:10 group 
seems to be beneficial for effective adhesion prevention.

PNP hydrogel biocompatibility
We hypothesized that a high degree of biocompatibility is required 
for effective adhesion prevention, because an inflammatory response 
from the adhesion barrier could lead to increased adhesion forma-
tion. Male rats underwent a sham surgery and received adminis-
tration of 200 μl of PNP 1:10 hydrogel into the cardiac space or no 
treatment. At one week (n = 5 per group) and at four weeks (n = 5 
per group) following surgery, rats were submitted to a pathologist 
and underwent complete necropsy for gross macroscopic findings. 
Surrounding tissues were explanted for microscopic histological 
analysis. A pathologist blinded to the treatment groups concluded 
that there were no substantial differences between the study groups. 
The major findings shared among both study groups included myo-
fibre damage, fibrosis and inflammation in the thoracic wall. These 
observations are attributed to the thoracotomy and not the material 
itself. Complete blood count and blood chemistry panels also indi-
cated no substantial abnormalities (Supplementary Fig. 3).

Large-animal model of epicardial abrasion
We conducted a pilot study using a preclinical translational sheep 
model to further investigate the efficacy of the PNP hydrogel anti-
adhesion system and address the physiologic and anatomic dif-
ferences between small animals and humans related to size and 
inflammatory response. We used an epicardial abrasion model 
(Fig. 5a–e), in which the anterior epicardial surface of the heart 
was abraded using a Bovie scratch pad for 30 s (Fig. 5a) to initiate 
an inflammatory response (Fig. 5b), resulting in the formation of 
severe adhesions. Animals (n = 1 per group) were randomized to 
receive Seprafilm (12 cm2), PNP 1:10 hydrogel (25 ml) or no treat-
ment. Seprafilm was chosen because it is the most commonly used 
of the commercially available adhesion-barrier products, and the 
PNP 1:10 hydrogel formulation was chosen because it exhibited the 
lowest adhesion score in the rat model.

PNP hydrogels could be easily sprayed onto the epicardial sur-
face of the heart, enabling uniform coverage of the epicardial tis-
sues. A 30 ml syringe was loaded with PNP hydrogel (25 ml) and 
attached to a Tisseel spray nozzle along with a compressed air line 
to provide the pressure necessary to spray the hydrogel onto the 
tissue (Fig. 5c,f, Supplementary Fig. 4 and Supplementary Video 
9). Hydrogel application was completed in under 2 min. After the 
epicardial surface was completely coated with PNP 1:10 hydrogel 
(25 ml; Fig. 5g), the thoracotomy was closed. Seprafilm was applied 
as a sheet over the epicardial surface.

After four weeks, the sheep underwent median sternotomy and 
the pericardial adhesions were carefully released. The heart was dis-
sected until all the major cardiac structures were exposed, includ-
ing the left and right atrial appendage, left and right ventricle, LAD, 
main pulmonary artery, ascending aorta and the superior and infe-
rior vena cavae. During this process, the surgeon assessed the sever-
ity of adhesions using the same double-blinded clinical-scoring 
system described in the rat study above. The region of interest for 
adhesion assessment was the anterior surface of the heart where the 
abrasion occurred. On completion of heart dissection, an image was 
captured and the heart was explanted. Figure 5h is a representative 
image of a human heart during redo surgery before heart dissection. 
This picture is provided to demonstrate the severity of adhesions 
observed in the clinical setting, which our model attempts to emu-
late. When comparing Fig. 5h with Fig. 5i, which shows an untreated 
sheep heart before dissection, there are severe adhesions present in 
both, demonstrating the ability of the abrasion model to generate 
robust adhesions. Figure 5j,l shows an attempt to release pericardial 
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adhesions from untreated and Seprafilm-treated hearts during the 
heart-dissection process. Pericardial adhesions were tightly adhered 
to the epicardial surface and could not be completely removed with-
out excessive risk of damaging the heart. Figure 5k (untreated) and 
Fig. 5m (Seprafilm) show a substantial amount of tissue remaining 
on the epicardial surface as a result of tight adhesions. As a result 
of the pericardial adhesions, the untreated (Fig. 5k) and Seprafilm-
treated (Fig. 5m) hearts closely resembled the human heart dur-
ing a redo surgery and received severe adhesion scores of 4 and 
5, respectively. By contrast, the PNP 1:10-treated heart appeared 
markedly different from those of the control and Seprafilm-treated 
groups and received an adhesion severity score of 0. Indeed, the 
pericardium could be lifted directly off the hydrogel-treated heart 
(Fig. 5n), revealing a pristine epicardial surface below (Fig. 5o).  

The dissection of the PNP hydrogel-treated heart was easier com-
pared to that required for the control and Seprafilm-treated hearts, 
as all the major cardiac structures were completely and immediately 
visible after lifting the pericardium off the heart. Figure 5o shows 
the successful and complete removal of tissue surrounding the heart 
treated with PNP 1:10.

Cardiopulmonary bypass and aortotomy model
Next, we investigated the efficacy of the PNP hydrogel anti-adhe-
sion system using a clinically relevant cardiopulmonary bypass and 
aortotomy model. Using central cannulation of the aortic arch and 
right atrium (Fig. 6a) and a pulmonary artery venting catheter to 
decompress the left ventricle, we performed a 2 cm partial trans-
verse aortotomy on an arrested heart on cardiopulmonary bypass. 
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Fig. 5 | Prevention of adhesion in an epicardial abrasion model in sheep. a, Schematic representation of epicardial abrasion using a Bovie scratch pad. 
b, Schematic representation of epicardial abrasion to induce local inflammation, leading to formation of severe adhesions. c, Schematic representation 
of administration of PNP 1:10 hydrogel by spraying onto the heart. d,e, Sheep heart during epicardial abrasion (d) and immediately following abrasion 
showing inflamed ventricular tissue before closure (e). f, PNP 1:10 hydrogel being sprayed onto the epicardial surface. g, Image of PNP 1:10 hydrogel 
coating the epicardial surface immediately before closure. h, Representative image of a human heart during a redo surgery before heart dissection, 
showing ubiquitous and severe adhesions arising from the previous surgery. i, Image of adhesion formation in control sheep before heart dissection, 
indicating the presence of severe adhesions similar to those observed in humans and verifying the validity of the large-animal model. j, Pericardium and 
adhesion removal on a sheep heart four weeks following epicardial abrasion with no treatment. k, An untreated sheep heart after dissection. l. Pericardium 
and adhesion removal of a sheep heart four weeks after epicardial abrasion and treatment with Seprafilm. m, A sheep heart treated with Seprafilm 
following dissection. n, Pericardium removal four weeks following epicardial abrasion and treatment with PNP 1:10 hydrogel. o, A sheep heart treated with 
PNP 1:10 hydrogel following dissection, showing the absence of adhesions and a pristine, untouched appearance. Sample size for all groups is n = 1.
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The aortic valve was inspected to mimic a standard aortic valve sur-
gery (Fig. 6b). The aortotomy was closed, the heart was reperfused 
and deaired, cardiopulmonary bypass was weaned off (Fig. 6c)  
and all cannulas were removed. Haemostasis was ensured at all 
surgical sites. At this point, sheep (n = 3 per group) were random-
ized to receive Seprafilm (24 cm2), PNP 1:10 hydrogel (50 ml) or 
no treatment. Similar to the epicardial abrasion model described 
above, PNP hydrogels were sprayed using compressed air and a 
spray nozzle (Fig. 6c,f) on the surface of the heart, including all 
surgical sites. After the heart surface was completely and uniformly 
coated with PNP 1:10 hydrogel (50 ml; Fig. 6d), the thoracotomy 
was closed. Seprafilm was applied as a sheet over the surface of the 
heart, including all surgical sites. Sheep underwent baseline and 
four-week magnetic resonance imaging to assess heart function and 
ensure consistency across treatment groups (Supplementary Fig. 5).

After four weeks, sheep underwent median sternotomy and the 
pericardial adhesions were released. Again, the heart was dissected 
until all the major cardiac structures were exposed, including all 
surgical and cannulation sites. During this process, the surgeon 
assessed the severity of adhesions using the same double-blinded 
clinical-scoring system described in the rat study and sheep epicar-
dial abrasion study above. The region of interest for the adhesion 
assessment was the epicardial surface of the heart. On completion 
of heart dissection, an image was captured, the heart was explanted 
and the adhesion severity was scored. Figure 6e (untreated) and  
Fig. 6f (Sepraflim) show tissue remaining on the heart surface as 
a result of severe adhesion formation. Consequently, the untreated 
(Fig. 6e) and Seprafilm-treated (Fig. 6f) hearts received poor adhe-
sion scores of 4 ± 0 and 4 ± 1, respectively. By contrast, the PNP 
1:10-treated heart (Fig. 6g) resulted in much easier dissection, less 
severe adhesion formation and identifiable coronary vessels, result-
ing in a score of 2.5 ± 0.5 (P < 0.05; Fig. 6h). Complete blood count 
and blood chemistry panels, conducted at four weeks, indicated no 
significant abnormalities between groups (Supplementary Fig. 6). 
These results demonstrate an effective, simple-to-apply adhesion-
prevention system that reduces post-operative cardiac-adhesion 
formation in a clinically relevant cardiac-surgery model.

Discussion
This study demonstrates that a supramolecular polymeric hydrogel 
with complex viscoelastic and flow properties effectively prevents 
the formation of post-operative cardiac adhesions. These hydrogels 
exhibit the required shear-responsive rheological properties neces-
sary for simple application (for example, by spraying) on target tis-
sues, sustained local retention driven by strong tissue adherence and 
the formation of an effective viscoelastic barrier. This approach over-
comes the limitations of traditional adhesion barriers that provide 
little-to-no therapeutic benefit and are often difficult to handle. PNP 
hydrogels are simple to manufacture at large scale, simple to deploy 
and demonstrate high efficacy in preventing adhesions, making them 
particularly well suited to potentially address this clinical challenge.

It is the distinct mechanical properties of the adhesion barrier 
that dictate its efficacy. While not all rheological possibilities for 
PNP hydrogels were investigated in this study, there are some key 
design parameters that appear to be necessary for a successful adhe-
sion barrier. The material must be capable of viscous flow when 
shear is applied (for example, during spraying), enabling it to con-
form to and completely cover the target tissue. After the material is 
applied, it must rapidly take the form of a solid-like physical barrier 
that adheres to the tissue, does not delaminate and remains solid 
in the minimally perturbed environment near the heart. The mate-
rial must be capable of flow between neighbouring body structures 
while remaining adhered to the tissue, allowing it to adjust to natu-
ral movement in the body. PNP hydrogels demonstrate this behav-
iour as yield stress fluids that are solid-like (G′ > G″) below certain 
strains and stresses (Fig. 2e), but flow like viscous fluids above a 
critical stress–strain value, as shown in Fig. 2f. In addition, PNP 
hydrogels self-heal rapidly to reversibly transition from viscous flow 
back to a solid-like barrier, allowing the hydrogels to quickly adhere 
and settle on the target tissue.

The variation in clinical score between the PNP hydrogels dem-
onstrates how modulus, viscoelasticity and the yield stress are criti-
cal for determining the effectiveness of the material as an adhesion 
barrier. Liquid-like formulations with their high tan δ at low strains 
and frequencies perform poorly because they never form a solid-like  
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barrier. Solid-like formulations show a correlation between the 
yield stress and storage modulus with the effectiveness as an adhe-
sion barrier. The PNP 1:10 hydrogel formulation had the lowest 
adhesion score compared with the other gel formulations with an 
intermediate storage modulus and yield stress. We hypothesize that 
materials that are too soft and/or weak may flow too easily when 
perturbed in the body and leave the target tissue area too quickly 
while adhesions are still developing. Materials that are too stiff and/
or strong may be more difficult to deposit, may easily detach from 
the tissue if the yield stress is higher than the adhesion strength, 
and may be more difficult to spread uniformly over a target area. 
Cohesive failure, which occurs when the yield stress is lower than 
the adhesion strength, enables the gel to be smeared or spread on 
the surface without delaminating, resulting in a barrier capable of 
being agitated without being removed from the tissue surface. This 
rationale is consistent with the variability observed in the adhesion 
score of PNP 2:10 hydrogel, where the increased yield strength may 
have prevented cohesive failure and led to more detachments of the 
gel from target tissues over the four-week study period.

Further studies are needed to optimize the PNP hydrogel sys-
tem to further reduce cardiac adhesions in our large-animal model. 
Continued investigation with the cardiopulmonary-bypass sheep 
model will help to refine the most effective mechanical properties 
for adhesion prevention. We believe the cardiopulmonary-bypass 
model to be the most clinically relevant large-animal model due to 
the common use of cardiopulmonary bypass in human surgery. We 
attribute the the higher adhesion scores for the PNP hydrogel study 
group to the invasiveness of the procedure when compared with 
the pilot epicardial abrasion study. Cardiopulmonary bypass also 
induces a greater systemic inflammatory response, which is differ-
ent from the local inflammatory response induced in the epicardial 
abrasion model that could also contribute to the difference in adhe-
sion scores. We believe this anti-adhesion PNP hydrogel system has 
the potential to be effective in many surgical indications in many 
parts of the body. Furthermore, the easy and scalable synthesis of 
the PNP hydrogel system makes it amenable to preparation with 
good manufacturing practices, which is critical for future clinical 
translation of this work. Our hydrogel adhesion barrier produced 
a substantial reduction in both incidence and severity of cardiac 
adhesions, using models that generate adhesions of greater severity 
than those seen in abdominal-adhesion models. Overall, our shear-
thinning and self-healing adhesion barrier establishes the proof-of-
concept for a technology that is simple to deploy and successfully 
prevents post-operative adhesions.

Methods
Materials. HPMC-C12, N,N-diisopropylethylamine (Hunig’s base) hexanes, 
diethyl ether, N-methylpyrrolidone (NMP), dichloromethane, lactide and 
diazobicylcoundecene (DBU) were purchased from Sigma-Aldrich and used  
as received.

Synthesis of HPMC-C12. HPMC-C12 was prepared as previously described34 and 
the methods are reproduced here. HPMC (1.0 g) was dissolved in NMP (40 ml) 
by stirring at 80 °C for 1 h. Once the solution cooled to room temperature, 
1-dodecylisocynate (105 mg, 0.5 mmol) and N,N-diisopropylethylamine (catalyst, 
~3 drops) were dissolved in NMP (5.0 ml). This solution was added to the reaction 
mixture, which was then stirred at room temperature for 16 h. This solution was 
then precipitated from acetone and the polymer was recovered by filtration, dried 
under vacuum at room temperature for 24 h and weighed, yielding functionalized 
HPMC-C12 as a white amorphous powder.

Synthesis of PEG-b-PLA. PEG-b-PLA was prepared as previously described34 and 
the methods are reproduced here. PEG (0.25 g, 4.1 mmol; Aldrich) and DBU (10 μl, 
10.6 mg; 1.0 mol% relative to lactide) were dissolved in dichloromethane (1.0 ml). 
Lactide (1.0 g, 6.9 mmol) was dissolved in dichloromethane (3.0 ml) with mild 
heating. The lactide solution was added rapidly to the PEG–DBU solution and was 
allowed to stir for 10 min. The reaction mixture was quenched and precipitated 
with 1:1 hexane and ethyl ether solution. PEG-b-PLA was collected and dried 
under vacuum.

PEG-b-PLA nanoparticle preparation. PEG–PLA nanoparticles were prepared 
as previously described34 and the methods are reproduced here. A solution of 
PEG-b-PLA in DMSO (50 mg ml−1) was added dropwise to water (80 μl min−1) 
under a high stir rate. Nanoparticles were purified by ultracentrifugation over a 
filter (molecular weight cut-off of 10 kDa; Millipore Amicon Ultra-15) followed 
by resuspension in water to a final concentration of 150 mg ml−1. Nanoparticle size 
and dispersity were characterized by dynamic light scattering (DLS).

PNP hydrogel preparation. PNP hydrogels were prepared by first dissolving 
HPMC polymers in water (3 wt% or 6 wt%) with stirring and mild heating. PEG–
PLA nanoparticles were prepared according to the method described above and 
were concentrated to 15 wt% solutions. HPMC polymer solution (150 ml) and 
nanoparticle solution (300 ml) were added together and mixed well by vortexing 
(some samples were mildly centrifuged to remove bubbles arising from mixing) 
to create the PNP 1:10 hydrogel formulation. For each subsequent hydrogel 
formulation, the amount of HPMC polymer solution and NP solution was varied 
as indicated by the given formulation name (HPMC (wt%):NP (wt%)).

PNP hydrogel characterization. Rheological characterization was performed 
using a TA Instruments HR-2 hybrid rheometer fitted with a Peltier stage. All 
measurements were performed using a 20 mm plate or 8 mm plate geometry and 
analysed using TA Instruments TA Orchestrator software.

NIR-797-labelled HPMC-C12 preparation. NIR-797-labelled HPMC-C12 
(excitation wavelength = 795 nm; emission wavelength = 817 nm) was prepared 
using a modification of a previously described method53. Sixty milligrams of 
HPMC-C12 was dissolved in 1.6 ml NMP containing 10 μl pyridine. Five milligrams 
of NIR-797 isothiocyanate (Sigma) was added to the solution, followed by 4 mg of 
dibutyltin dilaurate and was left stirring for a minimum of 4 h. The mixture was 
precipitated into acetone to remove free dye and NIR-797–HPMC-C12 was dried in 
vacuo. The NIR-797–HPMC-C12 was dialysed for four days to remove impurities 
and then freeze-dried. The NIR-797–HPMC-C12 sample was dissolved in  
MilliQ water at 3 wt% concentration and the fluorescence intensity was measured 
at 800 nm.

Rat pericardial adhesion model. All animal procedures were performed according 
to Stanford Animal Care and Use Committee approved protocols. For in vivo 
efficacy studies, 52 male adult 250–300 g Sprague Dawley rats (Charles River) 
underwent an induced myocardial infarction using an established and highly 
reproducible model49. In brief, rats were anaesthetised in an induction chamber 
and 2% isoflurane was continuously delivered. Rats were endotracheally intubated 
with a 16-gauge angiocatheter and mechanically ventilated (Hallowell EMC) with 
2% isoflurane. A thoracotomy was performed, the heart was exposed and a 6-0 
polypropylene suture was used to permanently ligate the LAD 2 mm below the left 
atrial appendage, producing an anterolateral myocardial infarction. Immediately 
following ligation, the epicardial surface was dried and the rats received 
administration of PNP 0.2:10 (n = 6), 1:1 (n = 6), 1:5 (n = 6), 1:10 (n = 10) or 2:10 
(n = 6) hydrogels (200 μl); Interceed (n = 6); Seprafilm (n = 6) (commercially 
available standard-of-care adhesion barriers; 1 cm2); or no treatment (n = 6). A 
subset of rats was administered PNP 1:10 hydrogel for the in vivo retention study. 
The thoracotomy was closed with 4-0 polypropylene suture. The rats were allowed 
to recover and buprenorphine (0.5 mg kg−1) and carprofen (5 mg kg−1) were given 
for analgesia.

In vivo retention study. A subset of rats was administered NIR-797-tagged PNP 
hydrogels immediately following the induced myocardial infarction. Rats were 
imaged on day 0, 1, 2, 5, 7, 13, 16, 20 and 28 using the Pearl Trilogy Small Animal 
Imaging System (LI-COR Biosciences).

Histology. Four weeks after surgery, hearts were arrested with potassium chloride 
and explanted to assess infarct size and tissue biocompatibility. Hearts were flushed 
with PBS, injected retrogradely with Tissue Tek optimum cutting temperature 
(OCT) compound (Sekura), frozen, stored at −80 °C and sectioned onto slides 
using a Leica CM3050S cryostat (Leica) at 10 μm thickness. A subset of samples for 
each group was stained with Masson’s trichrome. Digital photographs were taken 
with an Epson V550 Colour Scanner. Images were analysed with ImageJ and infarct 
size was calculated as the percentage of the total left ventricular circumference.

Biocompatibility study. All animal procedures were performed according 
to Stanford Animal Care and Use Committee approved protocols. For 
biocompatibility studies, 20 adult 250–300 g Sprague Dawley rats (Charles River) 
underwent a sham surgery. In brief, rats were anaesthetized in an induction 
chamber and 2% isoflurane was continuously delivered. Rats were endotracheally 
intubated with a 16-gauge angiocatheter and mechanically ventilated (Hallowell 
EMC) with 2% isoflurane. A thoracotomy was performed and the heart was 
exposed. The pericardium was removed, the epicardial surface was dried and 
the rats received PNP 1:10 (n = 10) or no treatment (n = 10). The thoracotomy 
was closed with 4-0 polypropylene suture. The rats were allowed to recover and 
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buprenorphine (0.5 mg kg−1) and carprofen (5 mg kg−1) were given for analgesia. 
At one week and four weeks, a subset of animals (n = 5 per group) was submitted 
to a pathologist for complete necropsy and histologic analysis. Complete blood 
counts and blood chemistry tests were also conducted at these time points. The 
tissues explanted and sectioned for histological analysis were liver, spleen, kidney, 
adrenal gland, salivary gland, thymus, pancreas, heart, lung, trachea, oesophagus, 
thyroid gland, tongue, lymph nodes, testes, accessory sex gland, eyes, cerebrum, 
cerebellum, stomach, small intestine, large intestine and thoracic wall. There was 
one block per organ and two sections per slide per rat.

Sheep epicardial abrasion adhesion model. All animal procedures were performed 
according to Stanford Animal Care and Use Committee approved protocols. For 
pilot epicardial abrasion efficacy studies, 3 adult male 35–45 kg Dorset sheep 
underwent epicardial abrasion to induce pericardial-adhesion formation. In 
brief, the animals were sedated with diazepam (0.2 mg kg−1) and anaesthesia 
was maintained on inhaled isoflurane (1.5–3%). A 5 cm minimally invasive left 
thoracotomy was used to access the chest cavity and the heart was exposed. The 
anterior wall of the heart was abraded for 30 seconds, creating an inflamed area 
of epicardium. Animals were randomized to receive PNP 1:10 hydrogel (25 ml), 
Seprafilm (12 cm2) or no treatment. The thoracotomy was closed. The animals 
were allowed to recover from anaesthesia and buprenorphine (0.05 mg kg−1) was 
given intramuscularly for post-operative pain control. All surviving animals were 
euthanized 4 weeks following pericardial abrasion to access for adhesion formation.

Sheep cardiopulmonary bypass adhesion model. All animal procedures were 
performed according to Stanford Animal Care and Use Committee approved 
protocols. For cardiopulmonary bypass adhesion studies, 9 adult male 35–45 kg 
Dorset sheep underwent cardiopulmonary bypass and an aortonomy to induce 
adhesion formation. In brief, the animals were sedated with diazepam (0.2 mg kg−1) 
and anaesthesia was maintained on inhaled isoflurane (1.5–3%). A 7 cm left 
thoracotomy was used to access the chest cavity and the heart was exposed.

A double-pledgeted pursestring suture (2-0 Ethibond) was placed on the aortic 
arch. A single-pledgeted pursestring suture (2-0 Ethibond) was placed on the right 
atrial appendage. Heparin was administered (11,000 units). A 16 Fr aortic cannula 
was inserted using Seldinger technique into the aortic arch and a 30 Fr single-stage 
venous cannula was inserted into the right atrium. The cannulae were connected 
to the cardiopulmonary bypass circuit. Cardiopulmonary bypass was initiated. A 
pulmonary-artery venting catheter was placed into the main pulmonary artery to 
decompress the left ventricle. An aortic cross-clamp was applied. A cardioplegia 
needle was placed into the ascending aorta and cold Del Nido cardioplegia 
(500–1,000 cm3) was administered to arrest the heart. The cardioplegia needle 
was removed. A 2 cm partial transverse aortotomy was made and the aortic 
valve was inspected. The aortotomy was then closed using 5-0 polypropylene 
suture. The heart was filled and de-aired. The cross clamp was removed and the 
heart spontaneously resumed a normal rhythm. The pulmonary artery vent was 
removed and the vent site was repaired primarily using 5-0 polypropylene suture. 
Cardiopulmonary bypass was weaned. Finally, the right atrial and aortic arch 
cannulae were removed. Protamine (100 mg) was administered. Haemostasis was 
achieved for all surgical sites using Surgicell as needed.

Sheep were randomized to receive administration of PNP 1:10 hydrogel 
(50 ml), Seprafilm (24 cm2) or no treatment. The thoracotomy was closed. 
The animals were allowed to recover from anaesthesia and buprenorphine 
(0.05 mg kg−1) was used for post-operative pain control. All surviving animals were 
euthanized four weeks following pericardial abrasion to access  
adhesion formations.

Statistical analysis. All results are expressed as mean ± s.d. Comparison between 
two groups were conducted by a two-tailed Student’s t-test. One-way ANOVA 
was used for comparisons across multiple groups. Statistical significance was 
considered as P < 0.05.

Animal randomization. Animal cages for rats and sheep were housed in a random 
order on the shelf. Physical randomization occurred before each operation using a 
random number generator. The adhesion scoring and heart explants were  
done in a random order, with the surgeon and clinical scorer being blinded to the 
treatment groups.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. The raw and analysed datasets generated 
during the study are available for research purposes from the corresponding 
authors on reasonable request.
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