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Abstract

A new cost-effective NHS functionalized polyoxazoline (POx) loaded polymer with

strong hemostatic properties has been developed. In this study, we investigate POx

loaded hemostatic patches regarding hemostatic efficacy, local inflammatory reaction

and wound-healing, as compared to the non-POx treated blanks and commercially

available hemostatic products. Hundred and ten rats divided into 11 groups of 10 ani-

mals underwent partial liver lobe resection. Eight groups received experimental pat-

ches, two groups commercially available hemostatic patches (TachoSil® and Veriset™,

positive controls), one group with gauzes (negative control). Each animal received

twice a patch with a size 1.5 � 2.5 cm, on each partially resected lobe. Primary end-

point was time to hemostasis (TTH). The rats were sacrificed at different time points

(1, 3, or 7 days) to measure local inflammatory response and early wound healing. Of

the POx loaded patches, GFC NHS-POx (TTH 20.4 s, p = .019) and GFC-NHS-

POx1.5 (TTH 0.0 s, p = .003) showed significantly faster TTH compared to TachoSil®

(TTH 95.4 s), and were comparable to Veriset™ (TTH 17.0 s). Three patches, GFC-

NHS-POx 1.5 (TTH 0.0 s, p = .016), ORC NHS-POx:NU-POx (TTH 91.4 s, p = .033),

and ORC-PLGA NHS-POx:NU-POx (TTH 105.6 s, p = .04) had a lower TTH com-

pared to their own blank carrier (TTH 74.9, 157.8, and 195.7 s, respectively). With

regard to biocompatibility, all POx loaded patches showed results comparable to

TachoSil® and Veriset™. NHS-POx-loaded hemostatic patch demonstrate fast and

effective hemostasis, comparable or better than commercially available hemostatic

patches, with similar early biocompatibility.
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1 | INTRODUCTION

Major surgical procedures and traumatic organ injury can cause bleed-

ing of organs and tissues, which are difficult to stop permanently with

stitches, clamps, electrical coagulation, or external pressure. These

bleedings and the increased blood loss can result in longer operation

time, prolonged hospital admission and cause serious complications

such as hypovolemic shock, multi-organ failure, and death.1-3 When

gauze tamponing, electrosurgery and vessel sealing do not offer a def-

inite solution for bleedings in the abdominal and chest cavities,
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hemostatic sealants are used in the form of glues, sprays, powders, or

patches.4-7

To date, marketed products are mainly based on gelatin (gelfoam) or

collagen (such as TUFT-IT and Hemotese)8,9 and oxidized regenerated

cellulose (ORC)10,11 with weak to moderate efficacy. Other products like

TachoSil® use collagen in combination with human-derived fibrinogen

and thrombin which actively enhance the coagulation cascade. A third

group of products use a N-hydroxysuccinimide (NHS)-activated polymer

for coagulation cascade independent hemostasis (e.g., Veriset™).4,12

These products are more effective but also expensive. Therefore, there

is a need for a hemostatic patch with better cost-effectiveness as com-

pared to existing products and without the need of human and animal

derived compounds.

We recently reported on the development of a new polymer that

can be used as the active component of a patch to achieve hemosta-

sis.13 This polymer consists of a polyoxazoline (POx) base to which

multiple NHS groups are linked, abbreviated NHS-POx. These NHS

groups bind to the NH2 groups of proteins in human tissues, including

blood and proteins on organ surfaces, causing immediate clotting.

With this polymer, a wide variety of possible formulations can be

made including powders, glues, sprays, and patches. For this preclini-

cal study, we developed new prototypes of hemostatic patches by

adding POx polymers to a number of carriers that are (components

of) products in clinical use for bleeding prevention or other applica-

tions. These new prototypes theoretically outperform13 current prod-

ucts in clinical use for bleeding prevention with regards to time to

hemostasis, reduction of blood loss and blood loss-related complica-

tions. POx-loaded hemostatic patches have three key features;

enhanced adhesion to organ surfaces so that the product stays in

place and may provide effective local tamponade, faster bleeding ces-

sation by enhancing “passive” clotting with covalent gel formation

upon contact with blood, and low-cost as a result of a cost-effective

production process.

In this preclinical study, we investigate different prototypes of

polyoxazoline loaded hemostatic patches for hemostatic efficacy in

terms of time to hemostasis, early local inflammatory reaction and

first signs of wound healing, in a rat partial liver resection model and

compare the outcomes with the non-POx treated blanks and commer-

cially available and commonly used hemostatic patches in surgery of

parenchymatous organs.

2 | METHODS

2.1 | Animals

Hundred and ten male Wistar (WU) rats weighing between 270 and

300 g (Charles Rivers, 's Hertogenbosch, Netherlands) were used. Rats

were accommodated two per cage (eurostandard type III H), with

water and standard food (containing 33%, 9%, and 58% of calories

from proteins, fats, and carbohydrates, respectively) ad libitum (Ssniff

R/M-H, Bio Services BV, Uden). A standard 12 h light/dark cycle was

maintained. All rats had a minimum 5-day acclimatization period

before surgery. The cages were enriched with a rat retreat and nesting

material and were placed randomly on the shelves. All animals were

checked at least twice daily. Humane endpoints were defined; animals

were killed if they showed signs of severe discomfort (such as weight

loss >20% compared to starting weight). The experiment was

approved by the Dutch Animal Ethics Committee (CCD, number

2015-0012) and performed in the Central Animal Laboratory of

Radboud University. Experiments were performed according to Arrive

guidelines.14

2.2 | NHS-POx prototype production

Five different NHS-POx-loaded prototypes were developed with

three different carriers. A Gelatin Fibrous Carrier (GFC, Gelita TUFT-

IT, origin: porcine, 5 � 7.5 cm, Gelita Medical, Germany), a Oxidized

Regenerated Cellulose carrier (ORC, Ethicon, New Jersey, 7.5 � 5 cm)

and a ORC-poly(lactic-co-glycolic acid)carrier (PLGA, Ethicon, New

Jersey, 7.5 � 5 cm). All three carriers were loaded with a powder con-

taining NHS-POx and nucleophilically activated polyoxazoline (NU-

POx), creating GFC NHS-POx:NU-POx, ORC NHS-POx:NU-POx and

ORC PLGA NHS-POx:NU-POx. Furthermore, two other prototypes

were made with the GFC, one loaded with NHS-POx only (creating

GFC NHS-POx), and one with a powder containing gelatin and NHS-

POx (creating GFC NHS-POx 1.5). All carriers were loaded with the

combination EL-POx NU-POx to enhance internal cross-linking to

promote hemostasis, GFC already has amine groups due to the nature

of gelatin, therefore also prototypes without NU-POx were made. In

addition, one prototype was made with additional gelatin to increase

its bulk density.

GFC, ORC, and ORC-PLGA carriers were also used as such (GFC-

blank, ORC-blank and ORC-PLGA-blank) We chose the ORC or ORC-

PLGA carrier in order to have a fully synthetic hemostatic patch when

combined with the POx polymers, the gelatin carriers because of good

previous preliminary results.13

Polymer description: All hemostatic patches were fabricated using

NHS-ester functionalized POx polymer P(EtOx-c-OH-c-NHS)

60-20-20, referred to as NHS-POx. Where ORC or ORC-PLGA car-

riers were tested also P(EtOx-NH2) 80-20, referred to as NU-POx,

was added on a 1:1 M ratio towards NHS-POx. Gelatin carriers were

combined with NHS-POx or NHS-POx:NU-POx in a 1:0.5 M ratio.

Loading process and ratios: ORC-PLGA samples were loaded via

liquid deposition, dichloromethane (Sigma-Aldrich) was used as sol-

vent and 0.1 g/ml polymer solutions were applied starting with the

loading of NU-POx solution and after an overnight drying cycle at

40�C in the vacuum oven the NHS-POx solution was loaded.

GFC and ORC carriers lost their structural integrity, when liquid

deposition was used, therefore we used the Fibroline SL-Preg LABO-

RATORY MACHINE (Fibroline SA, Limonest, France) for the dry pow-

der impregnation of the polymers. The following settings were used:

40 kV, 100 Hz, 20 s. Polymer powders were dosed gravimetric in a

3D PMMA array to ensure homogeneous distribution.

All samples were dried after loading at 40�C overnight in the vac-

uum oven. Samples were sealed under vacuum in Alu-Alu pouches

(LamiZip, Daklapack Europe, the Netherlands). A total of 0.1 g powder
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was loaded in each sample, except in sample GFC NHS-POx 1.5

where a total of 0.3 g of a powder consisting of gelatin powder (Gelita

Spon Powder, Gelita Medical) and NHS-POx in a 1:1 ratio in weight

were loaded manually in between the layers of the gelatin construct

in a dry manner. Samples were sterilized using e-beam in in a range

from 25 to 35 kGy (Steris, Germany).

2.3 | Experimental groups

The animals were divided into 11 groups of 10 animals: eight groups in

which experimental patches were tested, two groups treated with com-

mercially available hemostatic patches (TachoSil® (Takeda Austria GmbH,

Linz, Austria) and Veriset™ (Covidien Inc., Mansfield, MA), and one group

where hemostasis was achieved by applying pressure with gauzes.

The samples tested in this study are shown in Table 1. Each ani-

mal received the same patch twice during surgery at the wound area

after partial liver resection. The rats were sacrificed at different time

points (1, 3, or 7 days). A computer program randomized the allocation

of the samples in rats.

2.4 | Anesthesia and surgery

At least 15 min before the surgery, all rats were given 0.02 mg/kg

buprenorphine subcutaneously as analgesia. Induction anesthesia

was given by inhalation of 5% isoflurane in a 1:1 mix of pressurized

air and oxygen in an induction chamber. The maintenance dose was

3.5% isoflurane (also in a 1:1 mix of pressurized air and oxygen)

given through a snout mask. Rats were prepared by shaving, skin

disinfection with iodine, and sterile covers. The rats were set on a

15� tilted table with their head higher than the tail.15 Their body

temperature was kept at 38�C with a heating pad and lamp. The

rats were operated using strict aseptic techniques. The abdomen

was opened by a 4–5 cm abdominal midline incision and the left lat-

eral liver lobe was isolated. The lobe was placed on a piece of

paper, and its distal section was excised using a scalpel, approxi-

mately 3 mm from the edge (see Figure 1). The resected part of the

liver was put into a pre-weighed tube and weighed afterwards. The

bleeding was classified by two researchers. The researcher per-

forming the surgery was blinded and was not aware which product

was tested until after making the wound.

A 15 mm by 25 mm patch was gently folded around the wound

and held for 60 s using digital pressure with a wet gauze. In order to

have a direct comparison, all patches including the positive control

were applied for 60 s even this is not in line with the instruction for

use of the commercially available products (TachoSil® 3 min, Veriset™

30 s). For the control group with gauzes only, gauzes were used with

pressure against the wound (see Figure 1). After 60 s of pressure, time

to hemostasis, starting from the moment the gauze was removed, was

recorded by two researchers and the average time observed was

recorded. Afterwards, the right part of the median liver lobe was visu-

alized, a partial resection was made, and the same procedure and

measurements were performed as for the left lobe, and using the

same patch type and size. The liver was then repositioned, and the

abdominal wall was closed by using a 3–0 Vicryl plus (Ethicon, Somer-

ville, NJ). The skin was closed by using staples. Anesthesia was discon-

tinued and the rat was placed back into the cage to recover from

surgery. During the study, the rats were weighed and their discomfort

was checked daily. They were scored for dehydration, fur, activity,

breathing, wound, abdomen, and cleanliness of the nose.

After 1, 3, or 7 days, the rats were reopened by midline incision

under anesthesia. Their abdominal cavity was inspected. Adhesions of

omental tissue to patch where scored according to Zühlke.16 Omental

adhesions were analysed because this is the main “organ” involved in

adhesion formation with liver surgery. The rat was killed by cervical

dislocation. Liver tissue with the patch and adhered surroundings was

excised and fixated using a 4% formaldehyde solution for histological

analysis.

2.5 | Histology

Specimens for histological analysis were infiltrated and embedded in

paraffin, sectioned (4 μm) using a microtome, pasted on superfrost-

plus slides, and left to dry overnight in a stove at 56�C. Three different

stains were used: HE (Hematoxylin and eosin), MSB (Martius Scarlet

Blue) SR (Sirius Red Staining). All slides were digitalized using a Pano-

ramic p250 scanner. Slides were randomly mixed for sequence and

then scored by two different researchers using a digital scoring form.

Parameters scored were the thickness of the patch, necrosis, inflam-

matory cells, and wound healing. The thickness of the patch was digi-

tally measured using Pannoramic viewer. Necrosis was scored by

observing signs of necrosis (y/n), and by digitally measuring the perim-

eter and surface area of the necrotic tissue using Pannoramic viewer.

Signs of necrosis were defined as pieces of the liver with a clearly dif-

ferent structure than the healthy tissue (no nucleus of liver cells visi-

ble, “empty liver”). Inflammatory cells in the patch, the wound area

and the liver under the wound were scored using the adjusted Ehrlich

and Hunt scale.17 Wound healing was scored by a general wound

healing scale according to Shafer18 and the amount of fibroblast in

the new tissue. The scores of the two researchers were compared and

differences were solved by consensus.

2.6 | Statistical analysis

Data of efficacy is presented as means ± SE. Weight of the rats and

resected pieces is presented by means ± SD. Because we measured

twice within one rat, we needed to take the dependency between the

two different bleedings into account in the analyses. Therefore, we

used Linear Mixed Models for comparing efficacy in terms of TTH

between groups. All analyses were performed using SPSS (version

25, IBM corporation). Differences in the incidence of adhesion forma-

tion (score 0–4; means ± SD) between groups were analyzed by Fish-

er's exact test or χ2 test. Inflammatory and healing parameters in

600 ROOZEN ET AL.



biopsies were scored as numeric value and one score was made of

three different stains. Comparison between groups was done in a

descriptive way.

3 | RESULTS

The NHS-POx and NU-POx amounts used in the prototypes and the

crosslinker percentage are shown in Table 1. All groups started with

10 rats, with an average weight of 307 (SD 19.7) grams. Weight distri-

bution between the groups was comparable. The weight of the first

resected liver piece was slightly higher compared to the second, 168.2

(SD 39.8) versus 137.6 (SD 56.6) mg. Weight as a proxy of uniformity

of injury and bleeding was comparable between groups.

Three animals prematurely died during the surgical procedure,

one each in the group TachoSil®, GFC blank and GFC NHS-POx:NU-

POx. They stopped breathing during the operation and attempts to

resuscitate failed. This may have had an anesthetic cause or was due

to blood loss or a combination. Five rats in the group “gauze hemosta-

sis” were taken out of the experiment during time to hemostasis mea-

surement as a results of excessive blood loss. The bleedings in these

rats restarted every time the gauzes were removed.

No rats reached a humane endpoint and no animals showed other

than for this procedure expected symptoms.

(a) (b)

(c) (d)

(e) (f)

F IGURE 1 (A) Liver lobe on paper,
(B) partial liver resection, (C) liver placed
on patch (and fold around), (D) digital
pressure for 1 min, (E) Check TTH, and
(F) closing with suture

ROOZEN ET AL. 601



3.1 | Efficacy

The group treated with gauzes showed the highest average time to

hemostasis (1302 s, Figure 2). The new prototypes GFC NHS-POx

(TTH = 20.4 s, p = 0.019) and GFC-NHS-POx1.5 (TTH = 0.0 s,

p = 0.003) showed significant faster TTH as compared to TachoSil®

(TTH = 95.4 s). The only product that stopped all bleedings immedi-

ately was GFC NHS-POx 1.5 (TTH = 0.0 s). Veriset™ (TTH 17.0 s)

showed also a significant faster TTH compared to TachoSil®. Perfor-

mances of GFC blank (TTH = 74.9 s), GFC NHS-POx:NU-POx

(TTH = 37.2 s), ORC NHS-POx:NU-POx (TTH = 91.4 s) and ORC

PLGA NHS-POx:NU-POx (TTH = 105.6 s) were comparable to that of

TachoSil® (TTH = 95.4 s). ORC blank (TTH =157.8 s) and ORC PLGA

blank (TTH = 195.7 s) showed longer time to hemostasis (p = .045

and p = .002, respectively) compared to TachoSil® (TTH = 95.4 s).

When comparing the prototypes to their own blanks for deter-

mining the influence of the added polymer, GFC NHS-POx 1.5, ORC

NHS-POx, and ORC PLGA performed better than their blanks.

3.2 | Histology

The inflammatory cells were scored in the wound area at day 1, 3, and

7. Veriset™, GFC NHS-POx 1.5, and ORC PLGA NHS-POx:NU-POx

demonstrated more high scores 3 and 4 compared to Tachosil® at day

3. At day 7 Veriset™ and ORC PLGA NHS-POx:NU-POx remained

highest. For the other groups no clear differences were found in

amount of inflammatory cells and when compared to TachoSil®.

The number of fibroblasts were scored as a sign of wound

healing. An increase of the amount of fibroblasts is observed over

time. No differences were found between the prototype and control

patches.

As assessed by scores derived by the three stains the parameters

thickness of the patch, area of necrosis, inflammatory cells in patch,

inflammatory cells in liver under the wound and general wound

healing did not reveal clear differences between patches. Further-

more, we were not able to stain poly-oxazoline. Average adhesion

scores, (omentum to patch), were lowest in GFC NHS-Pox (1.25, SD

1.3) and highest in GFC NHS-PO 1.5 (2,20, SD 0.94), without differ-

ences between the prototypes and compared to commercial products.

4 | DISCUSSION

The two NHS-POx loaded patches with a gelatin backing have supe-

rior hemostatic efficacy compared to the commercially available

TachoSil® and perform similar to Veriset™ in experimental liver resec-

tion. The GFC-NHS-POx1.5 patch was the only patch that immedi-

ately stopped the bleeding from the wound surface. Patches

containing the NHS-POx polymers showed faster hemostasis com-

pared to their blank carriers, indicating added value of the polymer to

the hemostatic patch.

F IGURE 2 Time to hemostasis in seconds (bars represent average with standard error). � significantly different with TachoSil® (─ ─ ). r
significantly different with their own blank
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In an earlier study, we showed that NHS-POx polymers are excel-

lent candidates for the development of hemostatic patches13 which is

confirmed by results of this preclinical study. A NHS functionalized

Polyethylene glycol (PEG) is a polymer that is used in several different

hemostatic devices for instance Veriset™. Veriset™ has proven faster

hemostasis as compared to TachoSil®, which findings are echoed by

this study.4,19 POx theoretically has a better hemostatic potential

compared to PEG, because POx has more NHS functionalized side

groups for binding proteins. The GFC NHS-POx 1.5 prototype indeed

stopped the bleeding immediately in all instances whereas most

Veriset™ patches showed continued but limited bleeding after reliev-

ing the 60 s of pressure. GFC NHS-POx 1.5 contains more NHS-

groups and more gelatin then GFC NHS-POx. The combination of the

NHS-POx with gelatin is possibly working so well because gelatin con-

tains amines, which bind to NHS groups from NHS-POx polymer and

create an even stronger adhesion. Also hydrophilicity of the gelatin

may enhance the initial tissue affinity of the patch in comparison to

patches where more hydrophobic carriers are used.

The control group treated with gauzes took on average 22 min to

achieve hemostasis with 50% animals having unstoppable bleeding

after repeated attempts of gauze removal and gauze pressure. These

findings indicate a challenging and clinically relevant model of paren-

chymatous bleeding for testing new hemostatic materials. Notably, no

electrocautery, vessel sealing, sutures or clips were used in this model,

which often are primary choices of hemostasis in liver surgery. Were

other studies used punch biopsy for liver bleeding in rat,15,20 we

choose for a partial rat liver resection in order to have a more chal-

lenging and clinical relevant model like Schmiedt and colleagues did.21

The welfare and weight recovery data and histology results of the

polymer-loaded prototypes correspond with those of the commer-

cially available and clinically safe hemostatic patches TachoSil® and

Veriset™. Tissue necrosis was generally limited and necrosis in the

patch was mainly remnants of blood. Inflammation in the wound area

seemed to decrease in time of most NHS-POx loaded patches, but

remained considerable in a few, of which Veriset™ was one, at 1 week.

This finding, however, is not a drawback per se because it may indi-

cate early breakdown of the bioresorbable patch. Wound healing as

expressed by fibroblast density increases in time with at day 7 conflu-

ent cells and fibers in most patches, particularly the gelatin patches

with the POx polymers and Veriset™. Food intake as a potential factor

affecting inflammation and wound healing22,23 is unlikely and cannot

explain differences between groups because all groups had the same

food. Furthermore, the food contained low fat percentage, which is

the main trigger for an inflammatory response, and surgical trauma

and implantation of an biomaterial probably elicited a higher inflam-

matory response compared to food. Due to the short duration of the

experiment we cannot comment on the long term consequences of

the scar formation at the liver surface and adhesions to other organs

and tissues. In most animals adhesions were present at the patch area

at sacrifice which, however, is a common finding in rat abdominal pro-

cedures also in the absence of foreign material24 As expected, most

common adhesion formation location was between omental tissue

and liver patch and no differences in adhesion formation were found

between groups.

We included safety endpoints in our study, for example, welfare,

weight and inflammatory response on the POx polymers for identify-

ing early adverse events and biocompatibility issues. The finding of

comparable results for the POx loaded patches and the blank carrier

patches suggests no additional tissue effect of the polymers. How-

ever, this should be interpreted with caution because late effects,

after 7 days, were not part of this study and we did not power this

study for secondary endpoints such as histology.

A rat has a comparable coagulation cascade to a human and

parenchymal organ surfaces are similar regarding patch adher-

ence.25,26 Drawback is the small size of the liver demanding using only

small patches. And although small pieces cut from full size patches

were applied, we cannot rule out a disproportion which might have

resulted in an overestimate of the hemostatic efficacy of experimental

and control patches. Notably, cutting, placing and wrapping control

patches for human use seemed not different from experimental pat-

ches when applying these patches with wet gauze. An advantage of

the small liver is that the hemostatic patches needs to be flexible and

pliable for application around the liver of a rat. Therefore, the model

will distinguish between feasibility of patches in terms of flexibility

and pliability. From a toxicological point of view, this disproportion is

considered a worst case scenario. The implanted dose (�600 mg/kg)

in these rats is much higher than the maximum dose recommended in

marketed hemostatic patches (�16 mg/kg, corresponding to 10 pat-

ches/adult, each patch having a total surface of 50 cm2). Patches the

size that are used in humans are currently studied in a pig liver re-

section model. This model also allows us to investigate hemostatic

properties of the POx polymer patches under clinically relevant and

challenging circumstances of hemostasis, for example, coagulation dis-

orders, anti-coagulant medication.27

NHS-POx-loaded polymer patches, particularly combined with a

gelatin carrier, demonstrate fast and effective hemostasis similar or

better compared to clinically and commonly used commercial hemo-

static products in a rat liver resection model.
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APPENDIX

Examples of histological pictures of HE staining of liver resections treated with GFC NHS-POx prototypes after 1 day (Figure A1) and 7 days

(Figure A2).
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F IGURE A1 (A) Normal liver,
(B) patch, (C) wound area, (D) necrosis,
(E) blood cloth, and (F) inflammatory cells
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F IGURE A2 (A) Normal liver,
(B) patch, (C) wound area, and (D) new
(granulation) tissue
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