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a b s t r a c t 

Poly(2-oxazoline) copolymers with hydroxyl groups and activated NHS ester moieties (NHS-POx) have recently 

been applied successfully in hemostatic devices [5]. An important requirement for clinical application of these 

polymers is to determine their clearance rate. In this study, we tested this for two NHS-POx variants with different 

polarities: NHS-POx 1 and 2. As degradation studies showed that the copolymers remained intact (except for the 

NHS ester), the carboxylic acid variants of these two polymers (P1 (NHS-POx 1) and P2 (NHS-POx 2)) were syn- 

thesized containing suitable chelators (DTPA and DOTA) for radiolabeling. To investigate the excretion pathway 

and potential accumulation of the polymers in specific organs, P1 and 2 were labeled with radioactive 111 Indium 

(multiday imaging, t 1/2 = 2.8 d) or 68 Gallium (imaging within hours, t 1/2 = 68 min) and intravenously injected in 

Wistar rats. The excretion of these radiolabeled polymers was studied by SPECT/CT, PET/CT and biodistribution 

using y-counting. The major part of the degradation products were renally excreted leaving only a small quan- 

tity of polymer present in kidneys after 7 days (%ID/g: 3.1 ± 1.1 (SPECT/CT) and 9.5 ± 0.6 ( 𝛾-counter) for P1 

and%ID/g: 2.2 ± 0.5 ( 𝛾-counter) for P2. A prolonged study (14 days) on P2 demonstrated slow clearance from the 

kidneys. PET/CT measurements on 68 Gallium labeled P2 revealed that the majority of the polymer was cleared 

within 10 min. No accumulation of the degradation products was observed in other organs than the kidneys. We 

demonstrated that the hemostatic NHS-POx polymers can indeed be effectively and timely cleared from the body. 

Statement of Significance 

Synthetic polymers such as poly(2-oxazoline)s (POx) are of increasing interest in the biomedical field, e.g. because 

of their tunable structure. Recently, we have demonstrated in a pig model that side chain functionalized POx can 

be successfully used to stop bleedings during surgery. An essential research question remains what happens with 

the polymer after the bleeding has stopped. We have performed this study, as degradation and excretion of side 

chain functionalized POx is largely unknown. We have performed an in vitro degradation study to determine the 

degradation product and studied the excretion of radiolabeled degradation products in Wistar rats. In conclusion, 

we have demonstrated that side chain functionalized POx can be effectively cleared from a rat model. 
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. Introduction 

Insufficient control over bleeding remains one of the biggest chal-

enges in trauma surgery of parenchymal organs such as the liver or kid-
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ey [1] . Since these organs have a soft texture and are highly perfused,

raditional invasive wound closing methods such as suturing or stapling

annot be used since these would create additional bleeding, and will

ot achieve sufficient hemostasis. As a result, a variety of hemostatic
d. 

https://doi.org/10.1016/j.mtla.2020.100763
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2020.100763&domain=pdf
mailto:Edwin.Roozen@radboudumc.nl
https://doi.org/10.1016/j.mtla.2020.100763


M.A. Boerman, E.A. Roozen and G.M. Franssen et al. Materialia 12 (2020) 100763 

Fig. 1. Chemical composition of hydroxyl and NHS ester functionalized poly(2- 

oxazoline) copolymers ( NHS-POx 1&2 ) used for the design of NHS-POx coated 

gelatin sponges for hemostatic purposes. 
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gents have been developed for the non-invasive treatment of bleeding

f these organs [2 –4] . 

Previously, we developed a polymeric hemostatic agent comprised

f a porous gelatin sponge coated with NHS ester functionalized

oly(2-oxazoline)s ( NHS-POx, Fig. 1 ) [5] . Polymers containing this N -

ydroxysuccinimide moiety are intrinsically reactive to primary amines,

hich are abundantly present in tissue and blood proteins. When this

oated sponge is applied to a wound site, NHS-POx is capable of form-

ng covalent crosslinks between polymer, host blood proteins, gelatin

ponge and tissue, sealing the wound site and reducing hemorrhage dur-

ng surgery. Using this device, it was demonstrated that hemostatic ac-

ivity was achieved on parenchymal organs in a pig model. However, in

rder to be successfully implemented as a medical device, several other

equirements have to be fulfilled as well [6–9] . Two important require-

ents are: (i) control over the degradation rate of the polymer in vivo

ii) excretion of the polymer and associated degradation products from

he body (excretion). 

Polymer degradation is strongly affected by the presence of hydrolyt-

cally or proteolytically cleavable moieties in the polymer structure,

uch as ester or amide groups [10 , 11] . Within the POx used herein, there

re in principle three possible cleavage sites. First of all, POx contains

ertiary amides along the backbone and secondary amides via which the

HS spacer is conjugated. Secondly, the ester group within the spacer

s another possible cleavage site. Finally, the NHS ester will be, upon

pplication, either be replaced by an amide bond via reaction with a

rotein, or hydrolyzed to the carboxylic acid. The backbone structure of

Ox (which consists of tertiary amide groups) is generally stable under

hysiological conditions [12] ; the reactivity of the other sites should be

etermined, as the hydrolytic features of polymeric esters and amides

an vary strongly based on local polarity effects. 

In general, excretion of polymeric materials mainly occurs via the

idneys [13] (renal clearance) or via the mononuclear phagocytic sys-

em (MPS) [14] , where the excretion rate is determined by many factors

ncluding the hydrodynamic volume (molecular weight) [15] , surface

harge [16] , polymer dispersity [17] and architecture [18 , 19] . An im-

ortant measure for the excretability of polymeric materials is the renal

learance threshold, which is the hydrodynamic volume below which

articles are excreted via the kidneys [20] . Particles above this critical

hreshold will display a prolonged residence time or accumulation in

he body [21] . For instance, this threshold was reported to be around

0 kDa for poly(ethylene glycol) (PEG), which is a common polymeric

aterial for drug delivery purposes [17 , 21] . However, considering the

act that the renal excretion rate is dependent on many more parame-

ers than size alone, it is hard to predict a priori the excretion profile of

 polymer. 

Poly(2-oxazoline)s [22 –26] are particularly attractive for biomed-

cal applications due to their versatile functionalization possibilities.

owever, only a few studies have been reported in literature on the

iodistribution and excretion of this class of polymers [26 –33] . In a

ecent study, Wyffels and coworkers reported the synthesis of well-
efined homo-polymers based on 2-ethyl-2-oxazoline (EtOx) (M n 5–

10 kDa, Đ 1.01–1.11) containing a desferrioxamine ligand, and stud-

ed the biodistribution in a mouse model after intravenous administra-

ion using micro-positron emission tomography/computed tomography

μPET/CT) by chelating a 89 Zr-radiolabel [27] . It was observed that

olymers below a threshold of 40 kDa (M n < 20 kDa) were excreted from

he body (mainly via renal clearance), while larger polymers (M n >

0 kDa) showed prolonged blood circulation in this mouse model. These

esults indicated that the hydrodynamic volume of these polymers de-

ermined the excretability. More recently, the same authors reported a

omparative biodistribution study in a mouse model using EtOx homo-

olymers equipped with a 18 F or a 89 Zr radiolabel (M n of 5 kDa for

oth polymers, Đ of 1.01 ( 89 Zr) or 1.08 ( 18 F)). It was observed that

he excretability of the polymer was influenced by the type of ligand

nd/or radiolabel [28] , which stresses the importance of proper selec-

ion of the labeling strategy. Recently, more hydrophobic POx compo-

itions (based on 2-isopropyl-2-oxazoline ( i PropOx) and 2-n-propyl-2-

xazoline ( n PropOx) (M n ~20 kDa) have been investigated for inter-

al radiotherapy purposes [30 , 31] . In these studies, Indium-111 ( 111 In)

nd Yttrium-90 ( 90 Y)-labeled polymers were injected in a mouse model,

here the tumorous area of the mice was heated above the cloud point

f the polymers to induce self-aggregation of radiolabeled POx in tu-

orous tissue. While tumor shrinkage was reported, significant uptake

f radiolabeled polymers was seen in other organs ( e.g. kidneys, spleen

nd liver) as well. 

Despite these studies, to date the majority of these investigations are

ased on polymer compositions with short alkyl chains ( e.g. P(EtOx)),

hile other POx compositions such as side-chain functionalized poly-

ers have remained largely unexplored and mostly with focus on biodis-

ribution of polymer-drug conjugates [29 , 34] . It is therefore evident

hat the degradation and excretion of the developed NHS-POx poly-

ers should be investigated before these can be successfully applied as

emostatic device. 

In this work, we have studied the degradation and excretion of two

HS ester functionalized POx compositions: i) P( n PropOx)70-co-(Ethyl-

mide-ethyl-OH 

–Ox)15-co-(Ethyl-amide-ethyl-succinyl-NHS-Ox)15 

NHS-POx 1) and ii) P(EtOx)60-co-(Ethyl-amide-ethyl-OH 

–Ox)20-co-

Ethyl-amide-ethyl-succinyl-NHS-Ox)20 (NHS-POx 2), which have both

emonstrated favorable hemostatic activity, but have different polari-

ies. Herein we have studied the effect of polarity on the degradation

nd excretion of these materials. To this end, we first performed an

n vitro degradation study by incubating these polymers in phosphate

uffered saline (PBS) and human derived blood plasma to identify

he degradation products using 1 H NMR spectroscopy. Next, the main

egradation products were synthesized containing suitable ligands

or radiolabeling. Then, the polymers were labeled with radioactive
11 Indium ( 111 In, t 1/2 = 2.8 d) or 68 Gallium ( 68 Ga, t 1/2 = 68 min)

o allow for optimal imaging over multiple days ( 111 In) and within

ne day ( 68 Ga). Finally, the polymers were intravenously injected in

istar rats and the excretion profile of these radiolabeled polymers

as studied using single-photon emission computed tomography

SPECT/CT), PET/CT and biodistribution (using a 𝛾-counter) to inves-

igate i) the excretion pathway of the synthesized polymers and ii)

otential accumulation of the polymers in specific organs. 

. Results 

.1. Degradation experiments 

We performed several degradation studies by incubation of NHS-

Ox 1 and 2 in phosphate buffered saline (PBS) and heparinized blood

lasma in order to study the chemical nature of the degradation prod-

cts and the stability of the cleavable moieties in vitro . We selected 1 H

MR spectroscopy as the analytical method for studying the identity

f the polymer structure at different time points. For a detailed discus-

ion on the synthesis and characterization of these polymers, the reader
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Fig. 2. 1 H NMR spectra in D 2 O of NHS-POx 1 after incubation in PBS at 37 °C for 0, 24 and 48 h. 
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s referred to our previous report [5] and the supporting information

Materials and Methods). 

.1.1. Degradation behavior in PBS 

We first dissolved NHS-POx 1 and 2 in PBS-buffer (1x, pH 7.4) at

 polymer concentration of 15 mg/mL and incubated the polymers at

7 °C for time periods of 24 and 48 h in a thermo shaker. Subsequently,

he sample was lyophilized and redissolved in D 2 O for 1 H NMR Spec-

roscopic analysis. The 1 H NMR spectra of NHS-POx 1 at all time points

re shown in Fig. 2 and an 1 H NMR spectrum of the final time point

or NHS-POx 2 is shown in Fig. 3 . It was observed for both polymers

hat, as expected, after 48 h incubation in PBS, the NHS ester was fully

ydrolyzed, indicated by the shift of the polymer-bound succinimide

rotons (2.8 ppm, 6 ) to free N-hydroxysuccinimide (2.7 ppm, 6 ′ ). No

urther degradation of the polymer was observed, since no change in

he other integrals was observed ( Supporting information, Table S2 ).

his indicates that the ester and amide bonds in the side-chain of both

olymers were stable after incubation in PBS. 

.1.2.Degradation. behavior in blood plasma 

We also analyzed the polymer stability in human derived blood

lasma. For this study we tested the carboxylic acid analogs of both

HS-POx polymers to prevent undesired coupling reactions with blood

roteins. The polymers were evaluated up to six days. The 1 H NMR spec-

ra of the final time points are displayed in Figs. 4 and 5 . Also in this
xperiment, it was observed by 1 H NMR spectroscopy that no degra-

ation of the ester and amide moieties occurred over a period of six

ays ( Supporting Information, Table S2 ). This indicates that the ester

nd amide bonds in the side-chains are predominantly stable in blood

lasma. 

Although degradation in vivo ( e.g. by proteolytic enzymes) can-

ot be excluded, we decided to perform the excretion study using

he carboxylic acid analogs of both polymers: P( n PropOx)70-co-

Ethyl-amide-ethyl-OH 

–Ox)15-(Ethyl-amide-ethyl-succinyl-Ox)15 ( P1)

nd P(EtOx)60-co-(Ethyl-amide-ethyl-OH 

–Ox)20-(Ethyl-amide-ethyl- 

uccinyl-Ox)20 ( P2) as degradation products of both NHS-POx 1 and

, respectively. 

.2. Synthesis of degradation polymer products 

In order to be able to study these polymers in vivo by SPECT/CT

nd PET/CT, we aimed to functionalize the end groups of the polymers

sing di-ethylene triamine penta-acetic acid (DTPA), which is capable

f chelating (radioactive) metal ions which can be used to trace the

olymer after injection. We used end-group functionalization since it

llowed us to easily introduce only a single ligand per polymer chain.

oreover, by choosing end-group functionalization we circumvented

he risk of degradation of the ligand in case of degradation of the side-

hains in vivo . For the introduction of the ligand, we used a synthetic pro-
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edure described by Gaertner and coworkers [29] . The synthetic route

owards these polymers is shown in Scheme 1 . 

For the synthesis of P1 , we prepared a P( n PropOx-co-MestOx)

opolymer, of which the polymerization was terminated with N -

-( tert ‑butoxy carbonyl-Boc)-piperazine, yielding POx with a Boc-

rotected amine moiety ( P1a ). Hereafter, we deprotected this Boc group

sing a TFA solution in DCM. This deprotection proved quantitative as

as determined by 1 H NMR spectroscopy, since the characteristic sig-
cheme 1. Synthesis route towards P1 and P2 . Reactions conditions: (i) methyl tosyl

v/v, 1:3), rt, 30 min, (iv) P1c : p -SCN- Bn -DTPA, Et 3 N, DMF, rt, overnight, P2c : DOT

vernight, (vi) succinic anhydride, DMAP, DMF, rt, overnight. 

Fig. 3. 1 H NMR spectrum in D 2 O of NHS-POx 2
al of the Boc group (1.3 ppm) disappeared completely ( P1b ). Next, an

sothiocyanate-functional DTPA ligand was conjugated to the secondary

mine. Although the quantification of the end-groups proved difficult

sing 1 H NMR spectroscopy, a clear appearance of the aromatic sig-

al of the DTPAligand was seen, which was indicative of the presence

f the DTPA group onto the polymer ( P1c ). After this, the methyl es-

er groups of the side-chains were quantitatively modified by amidation

sing 2-amino-ethanol, yielding the hydroxyl side-chain functionalized
ate, MeCN, 140 °C, μW, 30 min, (ii) N -Boc-piperazine, rt, 3 days, (iii) TFA/DCM 

A-NHS ester, Et 3 N, DMF, rt, overnight, (v) 2-amino-ethanol, 60 °C, 300 mbar, 

 after incubation in PBS at 37 °C for 48 h. 
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Fig. 4. 1 H NMR spectrum in D 2 O of the carboxylic acid analog of NHS-POx 1 after incubation in blood plasma at 37 °C for six days. Note: Traces of blood plasma 

proteins ( ∗ ) and MeOH (used in workup) could not be removed completely during workup. 

Fig. 5. 1 H NMR spectrum in D 2 O of the carboxylic acid analog of NHS-POx 2 after incubation in blood plasma at 37 °C for six days. Note: Traces of blood plasma 

proteins ( ∗ ) and MeOH (used in workup) could not be removed completely during workup. 
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Ox ( P1d ). In a final step, the carboxylic acid groups were introduced

sing a sub-stoichiometric quantity of succinic anhydride (compared to

he hydroxyl groups) with dimethylaminopyridine (DMAP) as a catalyst

 P1 ). 

For the synthesis of P2 , a similar synthesis strategy was attempted

s for P1 . Unfortunately, this route proved unfeasible, due to solubil-

ty problems during the post-polymerization modification steps. After

ntroduction of the DTPA-ligand to the polymer end group, the poly-

er precipitated and we were unable to dissolve the polymer again for

he consecutive reaction steps. To solve this, we chose to introduce a

imilar mono-NHS ester functionalized 1,4,7,10-tetraazacyclododecane-

,4,7,10-tetraacetic acid, or DOTA-ligand, following a similar procedure

s for P1 . In this case, we did not encounter solubility problems during
he post-modification steps and we were able to obtain the final polymer

 P2 ). 

The analytical data of the final polymers ( P1 and P2 ) and interme-

iate products are listed in Table 1 . 

It was demonstrated that the polymers were synthesized with good

ontrol over the functional group ratio ( 1 H NMR) and dispersity values

SEC). Unfortunately, no SEC signal could be obtained for P1 and P2 ,

owever based on the results of the other polymers ( P1a - P1d, P2a

P2d ) no change in dispersity is expected throughout the final post-

olymerization modification functionalization step. Moreover, the 1 H

MR spectra of P1 and P2 ( Supplementary information; Figure S1

nd Figure S2 ) demonstrated that both P1 and P2 were equipped with

oth a desired ratio of functional side-chains and a suitable ligand for ra-



M.A. Boerman, E.A. Roozen and G.M. Franssen et al. Materialia 12 (2020) 100763 

Table 1 

Analytical data of synthesized polymers P1 and P2 (incl. intermediate products) . 

# Name Yield Functional groups ( 1 H NMR) M n 
a (kg/mol) 

mg % %MestOx %OH %COOH Theor. SEC Đ

P1a P( n PropOx)70-co-(MestOx)30-N-pip-NBoc 8.1 (g) 75 31 – – 12.8 12.2 1.19 

P1b P( n PropOx)70-co-(MestOx)30-N-pip-NH 1.8 (g) q. 31 – – 12.7 12.1 1.18 

P1c P( n PropOx)70-co-(MestOx)30-N-pip-N-DTPA 335 61 31 – – 13.4 14.4 1.13 

P1d P( n PropOx)70-co-(Ethyl-amide-ethyl-OH 

–Ox)30- 

N-pip-N-DTPA 

53 49 – 31 – 14.1 21.4 1.11 

P1 P( n PropOx)70-co-(Ethyl-amide-ethyl-OH 

–Ox)15- 

(Ethyl-amide-ethyl-succinyl-Ox)15-N-pip-N- 

DTPA 

9.0 23 – 14 17 16.3 ND ND 

P2a P(EtOx)60-co-(MestOx)40-N-pip-NBoc 1.4 (g) 94 41 – – 12.4 12.6 1.19 

P2b P(EtOx)60-co-(MestOx)40-N-pip-NH 720 94 41 – – 12.3 14.1 1.07 

P2c P(EtOx)60-co-(MestOx)40-N-pip-N-DOTA 221 64 41 – – 12.7 14.2 1.10 

P2d P(EtOx)60-co-(Ethyl-amide-ethyl-OH 

–Ox)40-N- 

pip-N-DOTA 

120 47 – 41 – 13.9 20.1 1.06 

P2 P(EtOx)60-co-(Ethyl-amide-ethyl-OH 

–Ox)20- 

(Ethyl-amide-ethyl-succinyl-Ox)20-N-pip-N- 

DOTA 

20 15 – 20 21 15.9 ND ND 

a SEC was calibrated against PMMA standards, eluent: 0.1% LiCl in DMA. 
ND Not determined. 

Table 2 

Quantification of the radioactivity at different time points for P1 (%ID/g) ( n = 3 rats). 

% ID/g 

SPECT quantification a Biodistribution a 

Time point 1 hr 6 h 24 h 7 days 7 days 

mean Sd mean sd mean sd mean sd mean sd 

Kidney 12.53 2.13 11.19 1.86 8.92 1.26 3.06 1.10 8.09 0.59 

a Values are expressed per kidney (3 rats, n = 6). 
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iolabeling, which allowed these polymers to be used in biodistribution

xperiments. 

.3. Biodistribution and excretion 

SPECT/CT studies 

In order to obtain sufficient signal intensity using SPECT/CT scan-

ing it is crucial to select the proper radioisotope in terms of half-life.

n this work, we selected 111 In due to its half-life of 2.8 days [32] and

idespread usage in the radiolabeling of macromolecules [29 , 35] 

Radiolabeling of P1 and P2 with 111 In was performed by incubation

f the polymer with 0.5 M MES buffer pH 5.5 and 111 InCl 3. After flash

EC purification using a PD-10 column, the radiolabeled polymers were

btained at a radiochemical purity of > 95% and with a radiochemical

ield of 27–53 MBq for P1 and a radiochemical purity of > 99% and a

adiochemical yield of 28–30 MBq for P2 , which proved sufficient to

erform the in vivo experiments. 

Directly after radiolabeling, the labeled polymers were injected via

ntravenous injection in the tail vein of Wistar rats ( n = 3 for P1, and

 = 3 for P2). The rats were monitored and imaged by SPECT/CT at rel-

vant time points (1 h, 6 h, 24 h and 7 days PI). After the measurements,

he SPECT/CT images were quantified by comparison with a series of in-

ected standards. In addition, after the last SPECT/CT measurement, the

ats were euthanized and the organs of the rat were dissected, biodistri-

ution was determined by measurement of their radioactivity using an

utomated 𝛾-counter. The results of these experiments are displayed in

igs. 6 and 7 and Table 3 . 

For P1 , it was observed that the majority of the radiolabeled polymer

%ID/g) was cleared within an hour, as the radiolabeled polymer was

nly present in kidneys (%ID/g 12.53 ± 2.13) and bladder (not quan-

ified) based on SPECT/CT imaging ( Fig. 6 and Table 2 ). The clear-

nce from the kidneys appeared to occur slowly over time, as indicated

rom the measured doses at 6 h (%ID/g 11.19 ± 1.86) and 24 h (%ID/g

i  
.92 ± 1.26). Ultimately, after 7 days 3.06 ± 1.10%ID/g was found in the

idneys. No accumulation of radiolabeled polymer was found in other

rgans than kidneys over the time course of the experiment. The mea-

urements on the dissected organs using the 𝛾-counter confirmed this

bservation ( Supporting information, Fig. S3 ). However, compared

ith the SPECT/CT measurements, a higher percentage of radiolabeled

olymer was found in the kidneys (%ID/g 8.09 ± 0.59). 

For P2 , a similar pattern was seen as for P1, although the quan-

ity of polymer in the kidneys was far lower than for P1 based on

PECT/CT imaging. Also in this case it was seen that the clearance oc-

urred very fast, with only a small percentage of the initial dose (%ID/g

.43 ± 0.11) present after 1 hr in the kidneys. Throughout the experi-

ent, these values remained constant as indicated by the values at 6 h

%ID/g 0.63 ± 0.16) and 24 h (%ID/g 0.51 ± 0.08), while the signal

as too low after 7 days for proper quantification. After 7 days, biodis-

ribution on the dissected organs revealed that 2.22 ± 0.54%ID/g was

ound in the kidneys, confirming that after 7 days, only a low quantity

f radiolabeled material was present in the kidneys. In order to find out

hether the remaining material was retained or slowly cleared, we per-

ormed an additional experiment in which we injected P2 into Wistar

ats and incubated the polymer for 14 days ( n = 3), dissected the organs

nd measured the biodistribution by using the residual radioactivity . It

as found that 0.57 ± 0.26%ID/g was found in the kidneys, suggesting

hat the radiolabeled material is not retained in kidneys but that clear-

nce is rather a slow process. No traceable activity was found in other

rgans after 14 days ( Supporting information, Figure S5 ). 

ET studies 

From the SPECT/CT measurements it was apparent that for both P1

nd P2 1 h post injectionthe majority of the injected polymers had ei-

her been excreted or had accumulated in the kidneys or bladder, which

ndicates rapid renal clearance of the injected polymers. To gain insight
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Fig. 6. SPECT/CT images of P1 after IV-injection in Wistar rats taken at the respective time points (1 hr, 6 h, 24 h, 7 days). 

Fig. 7. SPECT/CT images of 111 In-labeled P2 after IV-injection in Wistar rats taken at the respective time points (1 h, 6 h, 24 h, 7 days). 
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Table 3 

Quantification of the radioactivity at different time points for P2 (%ID/g) ( n = 3 rats). 

% ID/g 

SPECT quantification Biodistribution b 

Time point 1 hr 6 h 24 h 7 days a 7 days 14 days 

mean sd mean sd mean sd Mean sd mean Sd mean sd 

Kidney b 0.43 0.11 0.63 0.16 0.51 0.08 – – 2.21 0.54 0.57 0.26 

a SPECT timepoint after 7 days could be imaged, but quantification was not possible. 

b Values are expressed per kidney (3 rats, n = 6). 

Fig. 8. PET-imaging of 68 Ga-labeled P2 at selected time points. 
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n the first hours of excretion we studied the polymer blood and tissue

istribution shortly after injection. 

We decided to explore this for P2 by making use of PET/CT, because

t allows for more quantitative measurements of the radiolabeled poly-

er compared to SPECT/CT. As we had observed that the steady state

n the SPECT/CT experiments were reached within an hour, we chose

o evaluate the tissue distribution after injection up to 60 min. In or-

er to achieve optimal imaging/quantification, we selected Gallium-68

 

68 Ga, half-life 68 min) as the radioisotope of choice in this experiment.

ynamic PET images were obtained. Rats were positioned on the PET

canner and acquisition was started for 60 min. Circa 30 s after the

cquisition was started, the 68 Ga labeled P2 was injected i.v. via a tail

ein canula. PET data were reconstructed to frames of 1 min for the first

0 min and 10 min per frame for the remaining 50 min. The experiment

as performed in quintuplicate ( n = 5 rats). 
In addition, after the experiment ( t = 60 min), the rats were eutha-

ized and the organs were dissected and biodistribution was determined

sing a gamma counter (Supporting Information, Figure S6) . A selec-

ion of images and the quantification of results of this study are shown

n Fig. 8 and 9 , respectively. 

As can be observed from Figs. 8 and 9 , P2 was rapidly cleared

rom the bloodstream as the signal present in the heart quickly de-

reased. After 10 min, the majority of the polymer was found in the

idneys and the bladder whereafter a plateau was reached. This ex-

eriment confirms the conclusions from the SPECT/CT experiment that

he excretion mainly occurred via the renal clearance pathway. Finally,

he biodistribution experiment supported the observation that radioac-

ivity was detectable in the kidneys (6.24 ± 1.44%ID/g) and bladder

15.70 ± 17.10%ID/g), but not in the heart (0.09 ± 0.02%ID/g) and the

iver (0.21 ± 0.11%ID/g). 
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Fig. 9. Quantification of the PET-imaging of P2 for heart (red), kidneys (black) and bladder (blue) at various timepoints ( n = 5). 
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. Discussion 

Both the SPECT/CT and the 𝛾-counting measurements confirmed

hat the majority of the polymer (~80–90%ID/g in case of P1 and >

7%%ID/g for P2 ) is renally excreted from the rats after 7 days, with-

ut notable accumulation of the polymer in other organs. For both poly-

ers, the renal excretion of the polymers was not complete after 7 days

ost injection, since low quatities of P1 (%ID/g: 3.06 ± 1.10 as deter-

ined using SPECT/CT and 8.09 ± 0.59 as measured using 𝛾 counting)

nd P2 (%ID/g: 2.21 ± 0.54 measured using 𝛾 counting) were still de-

ected in the kidneys. Although the exact reason for this presence in

his case is yet unknown, certain aspects of this retention can be ex-

lained from related excretion studies. The slow clearance of the final

races of radiolabeled POx as observed herein was also observed in the

ork of Moreadith et al. who showed, despite a steady decline in the

ignal, presence of radiolabeled polymers in bile, liver and spleen of

 rat model after 14 days [33] (post injection). Based on the prolonged

iodistribution study up to 14 days post infection, which was performed

n P2 revealing%ID/g: 0.57 ± 0.26 in the kidneys, it is likely that in our

ase the polymer is slowly cleared from the kidneys rather than being

etained. An alternative explanation for the slower excretion of radio-

abeled polymers from kidneys, could be related to the type of radiola-

el/labeling strategy used. This observation was previously reported by

lassner and coworkers [28] and was also reported for radiolabeled pep-

ides by Vegt and coworkers [36] . In addition, Gaertner and co-workers

sed the same radiolabel as used in the current study ( 111 Indium) to in-

estigate the clearance of low molecular weight P(EtOx) (M n 4.5 kDa, Đ

.15), which was well below the glomular filtration cut off for P(EtOx)

40 kDa) [29] . Nevertheless, they observed the presence of labeled poly-

er in the kidneys 24 h post injection, which suggests that this reten-

ion was related to the type of radiolabel which was used, e.g. by trap-
ing of metabolites in the renal tubules as was previously suggested

31] . 

Another factor which can inhibit successful excretion is the hydro-

ynamic volume. However since the fact that both P1 and P2 are well

elow the globular filtration threshold of P(EtOx) (40 kDa) as was previ-

usly reported [27] , it is not very likely that this caused the retention of

he kidneys. Another parameter that should be taken into account is the

olarity of the polymer, as it is known that surface charge and polarity

trongly influence polymer excretion [16] . So far there is no relevant lit-

rature available on excretion of related POx polymers containing both

ydrophobic n PropOx-residues and polar residues such as hydroxyl and

arboxylic acid groups. In our case we were interested in the difference

n excretion of different polarities. At first glance the excretion of the

ore hydrophilic P2 (containing EtOx) seems to be more efficient than

1 (containing n PropOx). However, it must be noted that the injected

ose for this experiment was selected based on the optimal labeling ef-

ciency and imaging efficiency of both polymers, which proved to be

ore efficient for P2 than for P1 . Therefore, the fact that a higher in-

ected dose was used for P1 (273 μg/rat) than for P2 (28 μg/rat), to

llow for optimal visualization of both polymers after injection, makes

irect comparison on the excretion based on the hydrophobic differ-

nces of P1 and P2 difficult. 

Regarding clinical translation, it should be noted that the release

rofile of the polymer into the blood stream will be more complex than

he single dose injection as performed in the current work. In reality,

he hemostatic patch will likely degrade slowly over time leading to

 slow release of the POx polymer. In addition, despite the apparent

tability of the side-chains which was demonstrated in the hydrolysis

xperiments in vitro , further degradation in vivo cannot be excluded,

ince bio-degradation and bio-erosion are complex phenomena [37 , 38]
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hich strongly determine the release profile of the polymer into the

lood stream upon clinical application. 

Despite uncertainty regarding the release profile, there is evidence

hat once in the circulation system the polymers are rapidly excreted by

he kidneys given the observation that the majortity of the injected dose

f radiolabeled polymer (80–90%ID/g in case of P1 and > 97%%ID/g

n case of P2 ) is excreted within a day, mostly within 10 min, without

howing presence in organs other than kidneys. The excretion of P1 and

2 proceeded mainly via the renal pathway. It was furthermore found

hat after 14 days, P2 could be suitably excreted from the rat model,

ndicating that radiolabeled polymers are not retained in kidneys but

re slowly excreted. 

. Conclusions 

In this work, we have investigated the degradation and excretion

f two NHS ester functionalized hemostatic POx (NHS-Pox 1 and 2) in

rder to gain deeper insight into the fate of the polymer after the hemo-

tatic action has been achieved. We performed an in vitro degradation

tudy by testing the stability of the polymer in PBS (2 days) and blood

lasma (up to 6 days). It was found that for both polymers the amide and

ster bonds were predominantly stable; we therefore selected the car-

oxylic acid functionalized polymers as the main degradation product.

hese polymers ( P1 and P2) were successfully synthesized containing

 DTPA or DOTA chelator at the polymer chain end, respectively. The
11 In-labeled polymers were injected in Wistar rats. Based on SPECT/CT

nd biodistribution analysis, it was found that the major part of P1 and

2 was excreted via renal excretion, but a minority of polymer was still

resent in the kidneys after 7 days (%ID/g: 3.06 ± 1.10 (SPECT/CT) and

.09 ± 0.59 ( 𝛾-counter) for P1 and%ID/g: 2.21 ± 0.54 ( 𝛾-counter) for

2 . A prolonged study on P2 (14 days) demonstrated that this polymer

s most likely cleared from the kidneys rather than being retained. Fi-

ally, PET/CT measurements on P2 labeled with 68 Ga revealed that the

ajority of the polymer is cleared from the blood stream within 10 min.

n these studies, no accumulation of P1 and P2 was seen in other organs

han the kidneys. In conclusion, we have demonstrated that degradation

roducts of side-chain functional NHS-POx polymers can be effectively

xcreted from a rat model, which supports their safe application poten-

ial in biomedical devices. 
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