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Despite being the gold standard of hydrophilic biomaterials and well known sensitivity of polyethylene
glycol (PEG) against oxidative degradation, very little information on the decomposition of PEG under
biological oxidative stress can be found in the literature. Poly(2-oxazoline)s (POx) and polypeptoids
(POI), two pseudo-polypeptides, have attracted some attention for the use as biomaterials and alternative
to PEG with an altered stability against oxidative degradation. All three polymer families are supposedly
non-biodegradable, which could be seen as one of their main disadvantages. Here, we present evidence
that PEG, POx and POI are degradable by oxidative degradation under biologically relevant conditions.
Transition metal catalysed generation of reactive oxygen species (ROS) leads to a pronounced time and
concentration dependent degradation of all polymers investigated. While we do not envision oxidative
degradation to be of relevance in the short-term usage of these polymers, mid- and long-term biodegradability in vivo appears feasible. Moreover, inﬂuence in ROS mediated signalling cascades may be one
mechanism how synthetic polymers inﬂuence complex cellular processes.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Many synthetic biomaterials, including the widely applied
polyethylene glycol (PEG) and essentially all polymers derived
from radical polymerization reactions comprising a CeC polymer
backbone are considered non-biodegradable. However, stability of
polymeric materials strongly depends on the applied conditions
and important factors include water content, pH, temperature,
exposure to UV light, presence of enzymes, oxygen or oxidants
such as reactive oxygen species (ROS) or reactive nitrogen species
(RNS) [1,2]. For biodegradability, predominantly hydrolytic and
proteolytic (enzymatic) degradation is typically discussed [3e5].
However, major metabolic pathways and (patho)physiological
processes in many organisms, including humans, depend on, or
are connected with oxidative modiﬁcation or degradation of
molecules [6e13]. Also, host-defence mechanisms mediated by
immune cells such as neutrophils or monocytes/macrophages are
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connected with production of relatively large amounts of ROS.
In vivo, ROS can be generated by single electron transfer to
dioxygen, a process that this catalysed by a variety of enzymes,
including P450 cytochromes, the reduced form of nicotinamide
adenine dinucleotide phosphate (NADPH), lipoxygenase, NADPHoxidase (NOX) and dual oxidase (DUOX). Regardless of the
source, transition of the generated ROS is mediated within the ROS
cascade (Fig. 1). In recent years, polymeric biomaterials that are
sensitive to oxidative stimulus have received considerable attention [14e20]. Almutairi et al. argued recently that “there are few if
any polymeric systems able to undergo degradation and cargo
release on encountering biologically relevant (50e100 mM) H2O2
concentrations.” [18].
On the other hand, it is well understood that PEG is prone to
(per)oxidation and resulting degradation of the polymer chain
[22,23]. However, to the best of our knowledge, this has not been
studied or discussed in a biologically meaningful context in solution, while degradation of surface tethered PEG has been studied
before [24,25]. Another recent study investigated the “physiologically relevant oxidative degradation” of PEG-based hydrogels that
contain oligo(L-proline) segments [26]. Interestingly, while the
response of oligo(L-proline) to ROS/RNS has been studied, PEG is
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Fig. 1. Cascade of transitions between different reactive oxygen and nitrogen species, initiated by a single electron transfer to oxygen. Modiﬁed from Ref. [21].

assumed to be stable by the authors without experimental evidence [26]. Considering the known instability of PEG under such
conditions, we hypothesized that this assumption may not be fully
valid.
Oxidative degradation of proteins and (poly)peptides is well
known to be important in their metabolism (Fig. 2) [27,28]. Besides
secondary, oxidative degradation of tertiary amides in a biological
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context (rat liver microsomes) is also known [29]. We have investigated so-called pseudo-polypeptides based on the polymer families of poly(2-oxazoline)s (POx) [30e34] and N-substituted
polyglycines (so-called polypeptoids, POI) [35e46] which have
been discussed as chemically highly versatile and well-tolerated
biomaterials and potential alternatives to PEG [47,48] (for recent
reviews, see Refs. [30,49] and ref. [35]).
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Fig. 2. Oxidative degradation of (poly)peptides. a) Degradation is initiated by H-abstraction at a C-a of the peptide followed by radical addition (e.g. dioxygen or OH or OOH). b)
Exemplarily, formed hydroperoxides can undergo different degradations via the diamide pathways or the a-amidation pathway [28]. Both events lead to main chain scission.
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Since pseudo-polypeptides bear a tertiary amide instead the
secondary one, enzymatic degradation is severely hindered and the
polymers are considered non-biodegradable. However, oxidative
pathways (possibly mediated by enzymes) may represent the major
mechanisms towards polymer biodegradation for this class of
biomaterials. Textor and co-workers [25,50] and Veronese and coworkers [51] reported that POx, which are structurally related to
poly(L-proline) (Scheme 1), are more stable against oxidative
degradation than PEG.
This observation struck us as somewhat contradictory to the
above-mentioned report on stability of oligo(L-proline) over PEG
and inspired us to investigate the effects of ROS/RNS on other
pseudo-polypeptides and compare the degradation behaviour with
PEG. Thus, we compare the degradation of PEtOx, P(N-EtGly) and
PEG with degrees of polymerization (DP) of approx. 50 and 120
(corresponding to 2e11 kg/mol) under conditions that have been
described in the literature as being physiologically relevant.
2. Experimental
2.1. Materials
All chemicals and solvents were purchased from SigmaeAldrich, Acros or Roth
and used as received unless otherwise stated. Benzonitrile (PhCN) was dried by
reﬂuxing over P2O5, benzylamine over BaO, and MeOTf as well as 2-ethyl-2oxazoline (EtOx) over CaH2 under dry argon atmosphere and subsequent distillation prior to use. Acetonitrile (ACN) and chloroform were dried by storage over 3 Å
and 4 Å molecular sieve, respectively. Poly(ethylene glycol) (Mn ¼ 2000 g/mol,
MnGPC ¼ 22 kg/mol, Ð ¼ 1.07, Acros # 192280100 and Mn ¼ 6000 g/mol, MnGPC ¼ 47 kg/
mol, Ð ¼ 1.06, Roth # 0154.1) did not contain radical inhibitors according to the
providers and was used as received. Poly(N-ethylglycine) (POI-44: MnGPC ¼ 31 kg/
mol, Ð ¼ 1.05; POI-116: MnGPC ¼ 57 kg/mol, Ð ¼ 1.06) and poly(2-ethyl-2-oxazoline)
(POx-51: MnGPC ¼ 15 kg/mol, Ð ¼ 1.09; POx-108: MnGPC ¼ 21 kg/mol, Ð ¼ 1.08) were
prepared as described previously [36,52].
2.2. Analytical methods
Gel Permeation Chromatography (GPC): GPC was carried out on a Polymer
Standard Service (PSS, Mainz, Germany) system (MDS RI detector) using a 50 mm
PFG precolumn and three 300 mm PFG columns (pore size 7 mm) for measurements
in HFIP (containing 5 mmol/L ammonium triﬂuoroacetate). Columns were kept at
40  C and the ﬂow rate was set to 1 mL/min. Prior to each measurement, samples
were ﬁltered through 0.2 mm PTFE syringe ﬁlters (Roth, Karlsruhe, Germany). Calibration was performed using poly(methyl methacrylate) standards (PSS, Mainz,
Germany) with molar masses from 800 g/mol to 1600 kg/mol. Data were processed
using WinGPC software.
2.3. Degradation studies
Unless otherwise stated, degradation experiments were performed in phosphate buffered saline (PBS), which was prepared by dissolving sodium chloride
(8.00 g, 137 mmol), potassium chloride (0.20 g, 2.68 mmol), disodium hydrogen
phosphate (1.42 g, 10.0 mmol) and potassium dihydrogen phosphate (0.27 g,
1.98 mmol) in 1 L millipore water, yielding isotonic PBS with a pH value of
7.4  0.01. Due to the poor solubility of PEtGly, PBS was diluted with millipore
water to 25% of the initial concentration for degradation experiments with POI.
Polymers were dissolved in PBS (1 g/L) and incubated over night at 37  C to ensure

full dissolution which was conﬁrmed visually. Subsequently, CuSO4 and different
amounts of H2O2 were added to ﬁnal concentrations of 50 mM CuSO4 and 0.5, 5 and
50 mM H2O2, respectively. Samples were shaken at 37  C and addition of H2O2 was
repeated every 24 h in order to replenish degraded H2O2. At deﬁned times, aliquots
of 5 mL were withdrawn, immediately frozen in liquid nitrogen and subsequently
freeze-dried for subsequent GPC analysis. It should be noted that this procedure
may lead to the situation that some degradation products, which are potentially
insoluble in HFIP are not analysed. However, in our experience this is not expected
to a considerable extent as HFIP proofed an excellent solvent for a large variation of
polymers.

3. Results and discussions
As a polyether, PEG is prone to oxidative degradation [22,53e
55]. However, most other organic substances, including proteins
and other synthetic polymers also undergo oxidative degradation
[1,2,56e58]. In the case of surface-bound polymer brushes, it has
been demonstrated that PEG-based polymer brushes are less stable
as compared to polymer brushes based on PMeOx [25]. Notably, the
brushes comprised only very short oligomers of PEG and PMeOx,
respectively (DP < 10). Here, we investigated the degradation of
PEG, PEtOx (subsequently termed POx) and P(N-EtGly) (subsequently termed POI) with degrees of polymerization of approx. 50
and 120 which corresponds to molar masses of 2e11 kg/mol. As
source for ROS we chose the system H2O2/Cu(II) as this was
employed in one report which inspired this study [26]. Other researchers used alternatives such as H2O2/Co(II) or plain H2O2, the
latter being used in the ISO 10993-13 standard [59]. In our opinion,
none of these systems can be expected to be able to model the
complex situation of ROS in vivo exactly (Fig. 1) but will certainly
produce situations which may be encountered by soluble biomaterials in certain tissues, cells or cellular compartments.
Aqueous copper solutions are able to catalyse degradation of H2O2
to more reactive ROS, such as hydroperoxide radical and hydroxyl
radical (Scheme 2). However, these species only represent a fraction of the ROS encountered in vivo.
In the literature, different concentrations of H2O2 can be found
to study oxidative degradation in vitro that is supposed to mimic
conditions in vivo. While the ISO 10993-13 norm requires 3 wt%
(approx. 1 M) H2O2 [60], Cosgriff-Hernandez and co-workers
employed 20% H2O2 with 0.1 M CoCl2. Sun and co-workers
employed 5 mM H2O2 with 50 mM CuSO4. We decided to employ
the conditions of Sun et al. and in addition performed degradation
studies at 50 and 0.5 mM H2O2 in phosphate buffered saline, with a
polymer concentration of 1 g/L. After different times aliquots were
retrieved and frozen at 20  C or directly lyophilized. The
appearance of the freeze-dried residue changes signiﬁcantly over
time from a typical ﬂuffy polymer appearance to a typical salt-like
appearance (Fig. S1).
3.1. Degradation analysis by GPC
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The residues where subsequently dissolved in hexaﬂuoroisopropanol (HFIP), insoluble components (e.g. buffer salts)
removed by ﬁltration, and the solutions analysed by gel permeation
chromatography. At the highest ROS concentrations (50 mM,
0.2%(w/w)), rapid deterioration of all biomaterials is evidenced by a
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Scheme 1. Structure of polymers studied or discussed. Polyethylene glycol is well
known to be oxidatively labile while poly(2-oxazoline)s (POx) where discussed to be
more stable as compared to the polyether. In contrast, oligo(L-proline), structurally
similar to POx has been reported to be more labile as compared PEG. Polypeptoids,
another structural analogue to POx and polypeptides, have not been studied in this
context previously.
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Scheme 2. The initially added Cu(II)-ions are reduced to Cu(I) along with formation of
hydroxyperoxide radicals. The Cu(I) ions subsequently reduce H2O2 to highly reactive
hydroxyl radicals.
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Fig. 3. Development of polymer elugrams (solvent HFIP) of polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (POx) and poly(N-ethylglycine) (POI) with degrees of polymerization DP z 50 (left panel, a,c,e) and DP z 120 (right panel b,d,f) upon incubation with 50 mM of H2O2 and 50 mM of Cu(II)SO4 at 37  C for different periods of time. Please note, H2O2
was replenished once a day. Vi represents the column volume of the system.

rapid broadening of the elution peaks and its shift to higher elution
volumes even after 30 min (Fig. 3). Even at lower concentration of
5 mM (Fig. 4) and 0.5 mM H2O2 (Fig. 5) clearly all three types of
polymers are degraded, albeit slower. Interestingly, the elugrams of
the different types of polymers seem to follow distinct patterns
(Fig. 6). At 40e80% loss of initial Mw, the PEG and POx samples
exhibit signature bimodal distributions while elugrams of POI
samples only exhibit a signal broadening to higher elution volumes.
Plotting % residual Mw against time allows comparison of the
degradation of the polymers at different [H2O2] (Fig. 7) and the
different polymers at the same [H2O2] (Fig. 8). As expected and
evident from GPC elugrams, rate of polymer deterioration increases
with increasing [H2O2]. Moreover, the relative degradation clearly

is higher for higher DP in all cases. This observation immediately
rules out the possibility that the degradation exclusively occurs via
chain-end scission, in which case smaller polymers must be expected to degrade more rapidly. At the highest ROS concentration
(50 mM H2O2) polymers decayed very rapidly. At this concentration,
the Mw is reduced by more than 50% within a few hours. At 5 mM
H2O2, polymers are degraded to 50% of initial Mw (t50%) within 1e3
days for polymers with DP z 120 and 2e6 days for polymers with
DP z 50. At the lowest concentration tested, t50% ranged from 10
days (POx-51 and POI-44) to about 50 days (PEG-45) (Fig. 7,
Table S1). These results were rather unexpected to us. To date,
several reports state that POx is more stable as compared to PEG
[25,50,51]. However, in the reports by Textor and co-workers, the
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25% of the initial Mw within 11 days in the presence of 50 mM H2O2.
Thus, the oxidative degradation of the different families of polymers appears to be strongly dependent on the ROS employed. This
is particularly interesting considering that POx was reported to be
stable in aqueous solution under ambient conditions (i.e. presence
of oxygen) while PEG supposedly forms hydroperoxides under such
conditions [51]. As one reviewer has pointed out, it should be noted
all polymers employed in this study may interact with Cu(II).
However, in the absence of H2O2, the presence of Cu(II) clearly has
no inﬂuence on the molar mass over prolonged periods of time (20
days). A copper catalysed hydrolysis is therefore not considered
relevant in the observed time frame.

authors investigated surfaces coated with brush-polymers
comprising poly(L-lysine)-graft-oligoethylene glycol and poly(Llysine)-graft-oligo(2-methyl-2-oxazoline),
respectively.
The
remaining polymer thickness upon incubation with 10 mM H2O2
(no transition metal catalysis) was investigated by ellipsometry.
Therefore, a direct comparison to the present study is not possible.
To see whether different species of ROS have different impact on
polymer degradation, we also investigated the degradation of
polymers in 50 mM H2O2 without Cu and in 50 mM Cu(II) without
H2O2 (Fig. 9). Interestingly, no difference was observed between the
samples in either case. While in 50 mM Cu(II) the Mw remained
virtually unchanged over 20 days, all polymers degraded to about
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Fig. 4. Development of polymer elugrams (solvent HFIP) of polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (POx) and poly(N-ethylglycine) (POI) with degrees of polymerization DP z 50 (left panel, a,c,e) and DP z 120 (right panel b,d,f) upon incubation with 5 mM of H2O2 and 50 mM of Cu(II)SO4 at 37  C for different periods of time. Please note, H2O2
was replenished once a day. Vi represents the column volume of the system.
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3.2. Degradation mechanisms
The initial step in the degradation of all polymers will be
abstraction of a hydrogen atom followed by addition of another
radical or oxygen (Schemes 3 and 4). In the case of POx and POI,
the location of initial H-abstraction will deﬁne whether the
polymer backbone will be degraded (Scheme 3) or whether the
side chains will be cleaved off (Scheme 4). In the case of PEG,
formate esters and formaldehyde are potential products which
may be further oxidized to carboxylates, which where identiﬁed
by Friman and co-workers as metabolites of PEG after hepatic
excretion [61]. In the case of polypeptoids, intermediate hydroperoxides may react via different pathways. Amides, formylamides
and other reactive species are potential (intermediate) products.
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However, in contrast to polypeptide degradation, formation of
isocyanates cannot occur, as this requires a secondary amine [28].
POx has two methylene groups in the backbone, which are
chemically identical. Via pathways analogue to the oxidative
degradation of proteins, the polymer chains can be degraded. In
particular, POI is expected to degrade analogue to poly(L-proline)
[57].
Considering the fact that in the case of PEG, H-abstraction and
therefore bond scission can only occur in the polymer chain while
in the case of POI and POx side chains can also be cleaved, it is
rather surprising that the latter polymers are degraded faster
compared to PEG. In fact, our results contradict the few reports
available by others. However, we found that the degradation proﬁle
is strongly dependent on the DP and molar mass, respectively
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Fig. 5. Development of polymer elugrams (solvent HFIP) of polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (POx) and poly(N-ethylglycine) (POI) with a degrees of polymerization DP z 50 (left panel, a,c,e) and DP z 120 (right panel b,d,f) upon incubation with 0.5 mM of H2O2 and 50 mM of Cu(II)SO4 at 37  C for different periods of time. Please note,
H2O2 was replenished once a day. Vi represents the column volume of the system.
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Fig. 6. Comparison of polymer elugrams (solvent HFIP) of polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (POx) and poly(N-ethylglycine) (POI) with degrees of polymerization
DP z 50 (left panel, a,c,e) and DP z 120 (right panel b,d,f) upon incubation with 0.5 mM (a,b) 5 mM (c,d) and 50 mM (e,f) of H2O2 and 50 mM of Cu(II)SO4 at 37  C for different periods
of time to obtained a reduction of initial Mw of approx. 40e80%. Vi represents the column volume of the system.

(Fig. 10, Fig. S2). When relating to the DP, it becomes apparent that
at 0.5 and 5 mM H2O2 the decline of half-live with increasing DP for
PEG is much more pronounced as compared to POx and POI, which
exhibit a very similar decline. However, the molar masses of the
repeat units of the three polymers differ considerably (PEG: 44 g/
mol, POI: 85 g/mol, POx: 99 g/mol). As a result, the plot of t50% vs.
molar mass gives a different picture. Here, the data points seem to
fall together on one master curve, meaning that the degradation
proﬁle of PEG, POx and POI does not differ with respect to the
polymer molar mass.
At 50 mM H2O2, this is not observed (Fig. S2) and POI appears to
be more stable then PEG. Whether this is true or an artefact
stemming from inaccuracies due to extremely fast degradation
remains to be elucidated in further studies. However, considering

that all experiments were carried out in triplicate, we assume that
this is not an artefact.
3.3. Relation to materials with tailored oxidative responsive
behaviour
Tirelli, Hubbell and co-workers have pioneered work with
polypropylene sulﬁde (PPS), materials that are design to respond to
oxidative stimulus [15e17,20,62e64]. Such materials hold great
promise, for example in the context of ROS scavenging [64] and
triggered drug release upon oxidative stimulus [18,26,65]. In this
context, many studies employed PEG or pluronics as the hydrophilic component of the biomaterial. For example, Tirelli incubated
PPS nanoparticles with a pluronic corona with 10% and 5% H2O2 (w/
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Fig. 7. Development of molar masses (aec) (Mw relative to original Mw) of a) polyethylene glycol (PEG), b) poly(2-ethyl-2-oxazoline) (POx) and c) poly(N-ethylglycine) (POI) upon
incubation with 0.5 mM, 5 mM and 50 mM of H2O2 and 50 mM of Cu(II)SO4 at 37  C as obtained from GPC elugrams. Please note, H2O2 was replenished once a day. d) Comparison of
determined t50% (with respect to molar mass Mw) of PEG, POx and POI plotted against 1/[H2O2]. Data (aec) presented as means  standard error means (SEM) (n ¼ 3). Data were
ﬁtted with double exponential functions since single exponential functions did not yield ﬁts of sufﬁcient quality. Fits are only guide for the eyes.

w) for prolonged periods of time (>10 days) [16]. These concentrations are much higher than the highest concentrations we
studied in the present contribution. All polymers studied were
found to be signiﬁcantly degraded after 11 days incubated in only
50 mM H2O2 (approx. 0.2% (w/w)).
Sung and co-workers studied the degradation of PEG-oligo(Lproline)ePEG polymers under similar conditions employed in the
present work [26]. Within six days, the polymer was reported to
converge on the molar mass of the used PEG (550 g/mol). It is
difﬁcult to relate this study to our present results, as two different
polymers are combined in block copolymers and the degrees of
polymerizations are small in comparison. However, the relatively
high stability of PEG is corroborated by our studies but it may be
doubted that PEG is completely stable under the investigated
conditions.
In summary, PEG is used in a plethora of various biomaterials,
which are discussed to be oxidation sensitive. To the best of our
knowledge, PEG is more often than not considered to be stable,
without stringent experimental proof. Our results suggest that a
closer look at this issue is warranted.
3.4. Relation to in vitro and in vivo oxidative conditions
Oxidative degradation is an integral part of natural metabolism as well as host-defence mechanisms. However, ROS are

also known to feed-back into cell signalling cascades and the
inﬂuence on this process has been previously demonstrated. For
example, Sung et al. demonstrated in vitro that insoluble polymeric biomaterials comprising PEG induced exogenous and
intracellular ROS production, which was shown to trigger proapoptotic pathways [54]. However, the effect of PEG in biomaterials scaffolds is complex as was also demonstrated by the
same group. Using biomaterial surfaces with different PEG content, it was demonstrated that low levels of PEG can induce
apoptosis in attached cells. In contrast, higher PEG content protected cells from this fate [66]. In the view of the present work it
would be interesting how materials with POx and POI would
behave in such a context.
In addition to “simple” PEGylation of surfaces, proteins and
drugs, PEG is used in uncountable studies in the ﬁeld of polymer
therapeutics and nanomedicine for the preparation of amphiphilic
block copolymers, block ionomers or hydrogels [67e74]. For
example, water-soluble block copolymers of PEG and polypropylene glycol (known as pluronics or poloxamers) have been
studied as biomaterials for many years [75]. In some of this work,
Kabanov and co-workers have found profound effects of pluronics
on the respiratory process in mitochondria. These effects are typically closely related to the hydrophilic/lipophilic balance of the
polymers [76e80]. However, in the light of the presented results,
one can hypothesize that interaction with ROS, which is created in
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signiﬁcant amounts during respiration, may have an inﬂuence, too.
In addition to the respiratory process, ROS are produced in vivo in
many other processes. For example, NOX or DUOX produces ROS in
response to growth factors, cytokines and calcium in a wide range
of tissue [21].
For biomaterials, though, we hypothesize that the production
of ROS by phagocytes will be much more relevant, as these are
responsible for foreign body removal [81]. During phagocytosis,
particles are engulfed by the phagocytic cell membrane, forming a
vesicle inside the phagocyte, known as phagosome. Within the
phagosome, particles and microorganisms are destroyed and
digested by ROS generated by the phagocyte NOX2 enzyme. This
so called respiratory burst is characterized by the production of
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[H2O2 ] = 5 mM

[H2O2 ] = 0.5 mM

a

superoxide and subsequent dismutation forming hydrogen
peroxide [9,82]. Catalysed in enzymatic and non-enzymatic reactions, formation of more reactive ROS like hypochlorous acid or
hydroxyl radicals [83] is feasible, following the ROS cascade shown
in Fig. 1.
Winterbourn et al. estimated ROS concentrations in neutrophil
phagosomes using a kinetic model describing the reactions of superoxide [84]. Although O2 is generated up to concentrations of
4 M, steady-state concentrations are considerably lower due to suggested reactions with myeloperoxidase (MPO) [85], yielding HOCl
[86]. However, O2 is also converted to H2O2. As a result, micromolar
steady-state levels of 2 mM H2O2 and 25 mM O2 are expected.
Assuming a phagosomal MPO concentration around 1 mM, HOCl is

Fig. 8. Development of molar masses (aec) (Mw relative to original Mw) of polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (POx) and poly(N-ethylglycine) (POI) with a degrees
of polymerization DP z 50 (left panel, a,c,e) and DP z 120 (right panel b,d,f) upon incubation with 0.5 mM (a,b), 5 mM (c,d) and 50 mM of H2O2 (e,f) and 50 mM of Cu(II)SO4 at 37  C
for different periods of time. Please note, H2O2 was replenished once a day. Data presented as means  SEM (n ¼ 3).
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w

generated in rates of up to 134 mM/min, but likely the major part
reacts with neutrophil proteins [87]. HOCl is a strong oxidant which
is able to attack any oxidizable group [81]. Indeed, it is expected to be
50 times more effective in microbial killing than H2O2 [21]. The MPO/
H2O2/Cl system is also capable of forming highly damaging hydroxyl
radicals ($OH) as well as singlet oxygen (1O2), but both are reported
to be minor species in the phagosome [8,11].
Macrophages differ from neutrophils regarding the predominant ROS produced. Within macrophages, nitric oxide synthase
(NOS), more precisely iNOS, catalyses the formation of $NO, a
reactive nitrogen species (RNS) causing moderate toxicity [13,88].
In presence of superoxide, highly reactive peroxynitrite and hydroxyl radicals may be formed [89]. Prior to differentiation to
macrophages, monocytes circulate with an estimated half life of 3
days [90]. Once migrated into tissue, differentiation to macrophages or dendritic cells follows [91]. Speciﬁc macrophages are
located in almost all tissues, usually coupled with a distinct purpose. Representing approximately 60% of leukocytes, neutrophils
may be primarily responsible for the degradation of polymers. After
a short circulation half life of 6e8 h, neutrophils migrate into
speciﬁc tissues, e.g. spleen, liver and bone marrow, where they are
viable for only a few days [12]. Neutrophils are known to offer a

Fig. 9. Comparison of residual molar mass (Mw) of PEG, POx and POI dissolved in
buffer, buffer with 5 mM H2O2 and 50 mM CuSO4, buffer with 50 mM H2O2, and buffer
with 50 mM CuSO4. While neither buffer alone nor 50 mM CuSO4 give appreciable
polymer degradation, incubation with buffer containing 50 mM H2O2 degrades all
polymers to approx. 25% of initial Mw. Data presented as means  SEM (n ¼ 3).

O
O

O

O

4857

O

O
N

N

N

N

O
O

H-abstraction
O
O

O

O

O

O
N

N

N

N
O

radical addition

O

e.g. OOH
O

O

OOH
O

OOH O
a
b
N
N
O

O

O

a

β-scission

OOH
N

N
O

b

O
O

OH + H

O

O

O

O
N

[H+]

C

N
O

O
H

O
H

O
N

H
O

+
H
OH +

O

O

O
N

+ HN
H

O

O

+
HN

Scheme 3. Potential mechanisms for oxidative degradation of the polymer backbone of PEG, POx and POI. Please note, the depicted route represents only one out of many
possibilities. A detailed description is outside the scope of this work.

4858

J. Ulbricht et al. / Biomaterials 35 (2014) 4848e4861

O

O

O
N

N

N

N

O

O
H-abstraction

O

O

O
N

N

N

N

O
O
radical addition
e.g. OOH
OOH
OOH

O
N

O

O

N

N

N

O

O
β-scission

O

O
+
H

O

H
N

O

OH
O

N

N

+

N

O

H

O
- CO2
H
N

N
O

Scheme 4. Potential mechanisms for oxidative degradation of the polymer side chain of POx and POI. Please note, the depicted route represents only one out of many possibilities.
A detailed description is outside the scope of this work.

slightly higher ROS production rate than macrophages [92,93],
which goes along with a higher antimicrobial capacity [94]. Both
correspond with a loss of MPO during the maturation of monocytes
to macrophages [11].
Considering the distribution and accumulation of polymer
based drug delivery vehicles in vivo, phagocytes must be expected
to play a role in their metabolism and degradation. Upon opsonization, particles may be absorbed and digested by neutrophils
within the blood stream. Although PEG, POx and POI are all known
to reduce opsonization in certain conditions, complete avoidance of
the immune system is typically not realistic. It his hypothesized
that once migrated into tissue, macrophages and dendritic cells
could be responsible for the phagocytosis of polymer based vehicles
that went off-target. More often than not, accumulation sites of
polymers correspond well with the tissue distribution of macrophages. In the light of these considerations, the in vivo degradation
of polymers by ROS generated in phagocytes should be considered
in more detail in the future. The present study can only be seen as a
starting point for much more detailed studies, which are clearly
necessary.

4. Conclusion
Surprisingly little information can be found in the literature on
the effect of oxidative degradation of hydrophilic biomaterials.
Here, we presented a detailed study on the loss of molar mass of
polyethylene glycol, poly(2-oxazoline)s and polypeptoids in
aqueous buffer in the presence of different concentrations of ROS.
We found that PEG is more stable than either at hydrogen peroxide
concentrations below 50 mM when Cu(II)-catalyst is present. In
contrast, in the absence of metal catalyst, no difference in the
degradation was observed. Our results shed new light on the use of
polyethylene glycol and the search for potential alternative biomaterials. A plethora of different ROS and RNS are present in the
body in different locations, at different times and in different
concentrations. In recent years, several researches have found evidence that polymers formerly thought biologically inactive may
have intricate effects on cell membranes, signalling pathways and
the respiratory chain. Our results may be a starting point of a much
deeper understanding of the interplay of biological ROS and RNS
with soluble biomaterials.
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Acknowledgement
This work was supported by the Fonds der Chemischen Industrie and the State of Bavaria. We gratefully acknowledge ﬁnancial
support by the German Plastics Center SKZ and the Julius-Maximilians Universität Würzburg for start-up funding. Also, we
gratefully acknowledge technical support by Martin Kulke and
Michael Schiffmann in preliminary studies.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.biomaterials.2014.02.029.
References
[1] Beranová M, Wasserbauer R, Vancurová D, Pracharová H. Degradation of
polyethylene exposed in mouse-liver homogenates by oxidation. Int Biodeterior 1991;27:297e304.
[2] Santerre JP, Labow RS, Duguay DG, Erﬂe D, Adams GA. Biodegradation evaluation of polyether and polyester-urethanes with oxidative and hydrolytic
enzymes. J Biomed Mater Res 1994;28:1187e99.
[3] Howard GT. Biodegradation of polyurethane: a review. Int Biodeterior
Biodegradation 2002;49:245e52.
[4] Romberg B, Metselaar JM, de Vringer T, Motonaga K, Kettenes-van den
Bosch JJ, Oussoren C, et al. Enzymatic degradation of liposome-grafted poly(hydroxyethyl L-glutamine). Bioconjug Chem 2005;16:767e74.
[5] Sanson C, Schatz C, Le Meins JF, Brûlet A, Soum A, Lecommandoux S.
Biocompatible and biodegradable poly(trimethylene carbonate)-b-poly(Lglutamic acid) polymersomes: size control and stability. Langmuir 2010;26:
2751e60.
[6] Piomelli D, Volterra A, Dale N, Siegelbaum SA, Kandel ER, Schwartz JH, et al.
Lipoxygenase metabolites of arachidonic acid as second messengers for presynaptic inhibition of aplysia sensory cells. Nature 1987;328:38e43.

[7] Dixon RAF, Diehl RE, Opas E, Rands E, Vickers PJ, Evans JF, et al. Requirement
of a 5-lipoxygenase-activating protein for leukotriene synthesis. Nature
1990;343:282e4.
[8] Rosen GM, Pou S, Ramos CL, Cohen MS, Britigan BE. Free radicals and
phagocytic cells. FASEB J 1995;9:200e9.
[9] Fridovich I. Superoxide anion radical (O2-.), superoxide dismutases, and
related matters. J Biol Chem 1997;272:18515e7.
[10] Feussner I, Wasternack C. The lipoxygenase pathway. Annu Rev Plant Biol
2002;53:275e97.
[11] Klebanoff SJ. Myeloperoxidase: friend and foe. J Leukoc Biol 2005;77:598e625.
[12] Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER.
Neutrophil kinetics in health and disease. Trends Immunol 2010;31:318e24.
[13] Wink DA, Hines HB, Cheng RY, Switzer CH, Flores-Santana W, Vitek MP, et al.
Nitric oxide and redox mechanisms in the immune response. J Leukoc Biol
2011;89:873e91.
[14] Lutolf P, Raeber P, Zisch H, Tirelli N, Hubbell A. Cell-responsive synthetic
hydrogels. Adv Mater 2003;15:888e92.
[15] Napoli A, Valentini M, Tirelli N, Müller M, Hubbell JA. Oxidation-responsive
polymeric vesicles. Nat Mater 2004;3:183e9.
[16] Rehor A, Hubbell JA, Tirelli N. Oxidation-sensitive polymeric nanoparticles.
Langmuir 2005;21:411e7.
[17] Carampin P, Lallana E, Laliturai J, Carroccio SC, Puglisi C, Tirelli N. Oxidantdependent REDOX responsiveness of polysulﬁdes. Macromol Chem Phys
2012;213:2052e61.
[18] de Gracia Lux C, Joshi-Barr S, Nguyen T, Mahmoud E, Schopf E, Fomina N, et al.
Biocompatible polymeric nanoparticles degrade and release cargo in response
to biologically relevant levels of hydrogen peroxide. J Am Chem Soc 2012;134:
15758e64.
[19] Song C-C, Ji R, Du F-S, Liang D-H, Li Z-C. Oxidation-accelerated hydrolysis of the
ortho ester-containing acid-labile polymers. ACS Macro Lett 2013;2:273e7.
[20] Jeanmaire D, Laliturai J, Almalik A, Carampin P, d’Arcy R, Lallana E, et al.
Chemical speciﬁcity in REDOX-responsive materials: the diverse effects of
different reactive oxygen species (ROS) on polysulﬁde nanoparticles. Polym
Chem 2014;5:1393e404.
[21] Brieger K, Schiavone S, Miller Jr FJ, Krause K-H. Reactive oxygen species: from
health to disease. Swiss Med Wkly 2012;142:w13659.
[22] McGary Jr CW. Degradation of poly (ethylene oxide). J Polym Sci 1960;46:51e7.
[23] Han S, Kim C, Kwon D. Thermal/oxidative degradation and stabilization of
polyethylene glycol. Polymer 1997;38:317e23.

4860

J. Ulbricht et al. / Biomaterials 35 (2014) 4848e4861

[24] Branch DW, Wheeler BC, Brewer GJ, Leckband DE. Long-term stability of
grafted polyethylene glycol surfaces for use with microstamped substrates in
neuronal cell culture. Polymer 2001;22:1035e47.
[25] Pidhatika B, Rodenstein M, Chen Y, Rakhmatullina E, Mühlebach A, Acikgöz C,
et al. Comparative stability studies of poly(2-methyl-2-oxazoline) and poly(ethylene glycol) brush coatings. Biointerphases 2012;7:1e4.
[26] Yu SS, Koblin RL, Zachman AL, Perrien DS, Hofmeister LH, Giorgio TD, et al.
Physiologically-relevant oxidative degradation of oligo(proline)-crosslinked
polymeric scaffolds. Biomacromolecules 2011;12:4357e66.
[27] Starke-Reed PE, Oliver CN. Protein oxidation and proteolysis during aging and
oxidative stress. Arch Biochem Biophys 1989;275:559e67.
[28] Berlett BS, Stadtman ER. Protein oxidation in aging, disease, and oxidative
stress. J Biol Chem 1997;272:20313e6.
[29] Iley J, Tolando R, Constantino L. Chemical and microsomal oxidation of tertiary
amides: regio- and stereoselective aspects. J Chem Soc Perkin Trans 2001;2:
1299e305.
[30] Luxenhofer R, Han Y, Schulz A, Tong J, He Z, Kabanov AV, et al. Poly(2-oxazoline)
s as polymer therapeutics. Macromol Rapid Commun 2012;33:1613e31.
[31] Han Y, He Z, Schulz A, Bronich TK, Jordan R, Luxenhofer R, et al. Synergistic
combinations of multiple chemotherapeutic agents in high capacity poly(2oxazoline) micelles. Mol Pharm 2012;9:2302e13.
[32] Luxenhofer R, Schulz A, Roques C, Li S, Bronich TK, Batrakova EV, et al. Doubly
amphiphilic poly(2-oxazoline)s as high-capacity delivery systems for hydrophobic drugs. Biomaterials 2010;31:4972e9.
[33] Tong J, Zimmerman MC, Li S, Yi X, Luxenhofer R, Jordan R, et al. Neuronal
uptake and intracellular superoxide scavenging of fullerene (C60)-poly(2oxazoline)s nanoformulation. Biomaterials 2011;32:3654e65.
[34] Tong J, Yi X, Luxenhofer R, Banks WA, Jordan R, Zimmerman MC, et al. Conjugates of superoxide dismutase 1 with amphiphilic poly(2-oxazoline) block
copolymers for enhanced brain delivery: synthesis, characterization and
evaluation in vitro and in vivo. Mol Pharm 2012;10:360e77.
[35] Luxenhofer R, Fetsch C, Grossmann A. Polypeptoids: a perfect match for
molecular deﬁnition and macromolecular engineering? J Polym Sci Part A
Polym Chem 2013;51:2731e52.
[36] Fetsch C, Grossmann A, Holz L, Nawroth JF, Luxenhofer R. Polypeptoids from
N-substituted glycine N-carboxyanhydrides: hydrophilic, hydrophobic, and
amphiphilic polymers with Poisson distribution. Macromolecules 2011;44:
6746e58.
[37] Fetsch C, Luxenhofer R. Highly deﬁned multiblock copolypeptoids: pushing
the limits of living nucleophilic ring-opening polymerization. Macromol Rapid
Commun 2012;33:1708e13.
[38] Fetsch C, Luxenhofer R. Thermal properties of aliphatic polypeptides. Polymers 2013;5:112e27.
[39] Grossmann A, Luxenhofer R. Living polymerization of N-substituted b-alanine
N-carboxyanhydrides: kinetic investigations and preparation of an amphiphilic block copoly-b-peptoid. Macromol Rapid Commun 2012;33:1714e9.
[40] Zhang D, Lahasky SH, Guo L, Lee C-U, Lavan M. Polypeptoid materials: current
status and future perspectives. Macromolecules 2012;45:5833e41.
[41] Statz AR, Meagher RJ, Barron AE, Messersmith PB. New peptidomimetic
polymers for antifouling surfaces. J Am Chem Soc 2005;127:7972e3.
[42] Statz AR, Barron AE, Messersmith PB. Protein, cell and bacterial fouling
resistance of polypeptoid-modiﬁed surfaces: effect of side-chain chemistry.
Soft Matter 2008;4:131e9.
[43] Statz AR, Kuang J, Ren C, Barron AE, Szleifer I, Messersmith PB. Experimental
and theoretical investigation of chain length and surface coverage on fouling
of surface grafted polypeptoids. Biointerphases 2009;4:FA22e32.
[44] Brubaker CE, Messersmith PB. The present and future of biologically-inspired
adhesive interfaces and materials. Langmuir 2012;28:2200e5.
[45] Lau KHA, Ren C, Park SH, Szleifer I, Messersmith PB. An experimentaltheoretical analysis of protein adsorption on peptidomimetic polymer
brushes. Langmuir 2012;28:2288e98.
[46] Lau KHA, Ren C, Sileika TS, Park SH, Szleifer I, Messersmith PB. Surface-grafted
polysarcosine as a peptoid antifouling polymer brush. Langmuir 2012;28:
16099e107.
[47] Woodle MC, Engbers CM, Zalipsky S. New amphipatic polymer-lipid conjugates forming long-circulating reticuloendothelial system-evading liposomes.
Bioconjug Chem 1994;5:493e6.
[48] Kyluik-Price DL, Li L, Scott MD. Comparative efﬁcacy of blood cell immunocamouﬂage by membrane grafting of methoxypoly(ethylene glycol) and
polyethyloxazoline. Biomaterials 2014;35:412e22.
[49] Barz M, Luxenhofer R, Zentel R, Vicent MJ. Overcoming the PEG addiction:
well-deﬁned alternatives to PEG, from structure-property relationships to
better deﬁned therapeutics. Polym Chem 2011;2:1900e18.
[50] Konradi R, Acikgoz C, Textor M. Polyoxazolines for nonfouling surface coatings
e a direct comparison to the gold standard PEG. Macromol Rapid Commun
2012;33:1663e76.
[51] Viegas TX, Bentley MD, Harris JM, Fang Z, Yoon K, Dizman B, et al. Polyoxazoline: chemistry, properties, and applications in drug delivery. Bioconjug
Chem 2011;22:976e86.
[52] Gaertner FC, Luxenhofer R, Blechert B, Jordan R, Essler M. Synthesis, biodistribution and excretion of radiolabeled poly(2-alkyl-2-oxazoline)s.
J Control Release 2007;119:291e300.
[53] Kumar V, Kalonia DS. Removal of peroxides in polyethylene glycols by vacuum drying: implications in the stability of biotech and pharmaceutical formulations. AAPS PharmSciTech 2006;7:E47e53.

[54] Sung HJ, Chandra P, Treiser MD, Liu E, Iovine CP, Moghe PV, et al. Synthetic
polymeric substrates as potent pro-oxidant versus anti-oxidant regulators of
cytoskeletal remodeling and cell apoptosis. J Cell Physiol 2009;218:549e57.
[55] Almkvist G, Persson I. Degradation of polyethylene glycol and hemicellulose
in the Vasa. Holzforschung 2008;62:64e70.
[56] Beranová M, Wasserbauer R, Van
curová D, Stifter M, O
cenásková J, Mára M.
Effect of cytochrome P-450 inhibition and stimulation on intensity of polyethylene degradation in microsomal fraction of mouse and rat livers. Biomaterials 1990;11:521e4.
[57] Kato Y, Uchida K, Kawakishi S. Oxidative fragmentation of collagen and prolyl
peptide by Cu (II)/H2O2. Conversion of proline residue to 2-pyrrolidone. J Biol
Chem 1992;267:23646e51.
[58] Stadtman ER, Levine RL. Free radical-mediated oxidation of free amino acids
and amino acid residues in proteins. Amino Acids 2003;25:207e18.
[59] Dempsey DK, Carranza C, Chawla CP, Gray P, Eoh JH, Cereceres S, et al.
Comparative analysis of in vitro oxidative degradation of poly(carbonate
urethanes) for biostability screening. J Biomed Mater Res A; 2013.
[60] Lange M, Braune S, Luetzow K, Richau K, Scharnagl N, Weinhart M, et al.
Surface functionalization of poly(ether imide) membranes with linear,
methylated oligoglycerols for reducing thrombogenicity. Macromol Rapid
Commun 2012;33:1487e92.
[61] Friman S, Egestad B, Sjövall J, Svanvik J. Hepatic excretion and metabolism of
polyethylene glycols and mannitol in the cat. J Hepatol 1993;17:48e55.
[62] Napoli A, Tirelli N, Kilcher G, Hubbell JA. New synthetic methodologies for
amphiphilic multiblock copolymers of ethylene glycol and propylene sulﬁde.
Macromolecules 2001;34:8913e7.
[63] Napoli A, Bermudez H, Hubbell JA. Interfacial reactivity of block copolymers:
understanding the amphiphile-to-hydrophile transition. Langmuir 2005;21:
9149e53.
[64] Hu P, Tirelli N. Scavenging ROS: superoxide dismutase/catalase mimetics by
the use of an oxidation-sensitive nanocarrier/enzyme conjugate. Bioconjug
Chem 2012;23:438e49.
[65] Liu J, Pang Y, Zhu Z, Wang D, Li C, Huang W, et al. Therapeutic nanocarriers
with hydrogen peroxide-triggered drug release for cancer treatment. Biomacromolecules 2013;14:1627e36.
[66] Sung H-J, Luk A, Murthy NS, Liu E, Jois M, Joy A, et al. Poly(ethylene glycol) as a
sensitive regulator of cell survival fate on polymeric biomaterials: the interplay of cell adhesion and pro-oxidant signaling mechanisms. Soft Matter
2010;6:5196e205.
[67] Harada A, Kataoka K. Formation of polyion complex micelles in an aqueous
milieu from a pair of oppositely-charged block copolymers with poly
(ethylene glycol) segments. Macromolecules 1995;28:5294e9.
[68] Zhang X, Jackson JK, Burt HM. Development of amphiphilic diblock copolymers as micellar carriers of taxol. Int J Pharm 1996;132:195e206.
[69] Tessmar JK, Göpferich AM. Customized PEG-derived copolymers for tissueengineering applications. Macromol Biosci 2007;7:23e39.
[70] Shin HC, Alani AW, Rao DA, Rockich NC, Kwon GS. Multi-drug loaded polymeric micelles for simultaneous delivery of poorly soluble anticancer drugs.
J Control Release 2009;140:294e300.
[71] He L, Yang L, Zhang ZR, Gong T, Deng L, Gu Z, et al. In vitro evaluation of the
genotoxicity of a family of novel MeO-PEG-poly(D,L-lactic-co-glycolic acid)PEG-OMe triblock copolymer and PLGA nanoparticles. Nanotechnology
2009;20:455102.
[72] Grafahrend D, Heffels KH, Beer MV, Gasteier P, Möller M, Boehm G, et al. Degradable polyester scaffolds with controlled surface chemistry combining minimal
protein adsorption with speciﬁc bioactivation. Nat Mater 2010;10:67e73.
[73] Amoozgar Z, Yeo Y. Recent advances in stealth coating of nanoparticle drug
delivery systems. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2012;4:
219e33.
[74] Singh S, Topuz F, Hahn K, Albrecht K, Groll J. Einbau aktiver Proteine und
lebender Zellen in redoxsensitive Hydrogele und Nanogele durch enzymatische Vernetzung. Angew Chem 2013;125:3074e7.
[75] Sahay G, Gautam V, Luxenhofer R, Kabanov AV. The utilization of pathogenlike cellular trafﬁcking by single chain block copolymer. Biomaterials
2010;31:1757e64.
[76] Kabanov AV. Polymer genomics: an insight into pharmacology and toxicology
of nanomedicines. Adv Drug Deliv Rev 2006;58:1597e621.
[77] Batrakova EV, Li S, Li Y, Alakhov VY, Kabanov AV. Effect of pluronic P85 on
ATPase activity of drug efﬂux transporters. Pharm Res 2004;21:2226e33.
[78] Kozlov MY, Melik-Nubarov NS, Batrakova EV, Kabanov AV. Relationship between pluronic block copolymer structure, critical micellization concentration
and partitioning coefﬁcients of low molecular mass solutes. Macromolecules
2000;33:3305e13.
[79] Batrakova EV, Li S, Miller DW, Kabanov AV. Pluronic P85 increases permeability of a broad spectrum of drugs in polarized BBMEC and caco-2 cell
monolayers. Pharm Res 1999;16:1366e72.
[80] Miller DW, Batrakova EV, Kabanov AV. Inhibition of multidrug resistanceassociated protein (MRP) functional activity with pluronic block copolymers. Pharm Res 1999;16:396e401.
[81] Dupré-Crochet S, Erard M, Nübe O. ROS production in phagocytes: why, when,
and where? J Leukoc Biol 2013;94:657e70.
[82] Babior BM, Curnutte JT, McMurrich BJ. The particulate superoxide-forming
system from human neutrophils. Properties of the system and further evidence supporting its participation in the respiratory burst. J Clin Invest
1976;58:989e96.

J. Ulbricht et al. / Biomaterials 35 (2014) 4848e4861
[83] Tauber AI, Babior BM. Evidence for hydroxyl radical production by human
neutrophils. J Clin Invest 1977;60:374e9.
[84] Winterbourn CC, Hampton MB, Livesey JH, Kettle AJ. Modeling the reactions of
superoxide and myeloperoxidase in the neutrophil phagosome: implications
for microbial killing. J Biol Chem 2006;281:39860e9.
[85] Klebanoff SJ, Kettle AJ, Rosen H, Winterbourn CC, Nauseef WM. Myeloperoxidase: a front-line defender against phagocytosed microorganisms. J Leukoc
Biol 2013;93:185e98.
[86] Winterbourn CC, Kettle AJ. Reactions of superoxide with myeloperoxidase and
its products. Jpn J Infect Dis 2004;57:S31e3.
[87] Chapman AL, Hampton MB, Senthilmohan R, Winterbourn CC, Kettle AJ.
Chlorination of bacterial and neutrophil proteins during phagocytosis and
killing of staphylococcus aureus. J Biol Chem 2002;277:9757e62.
[88] Kosaka H, Wishnok JS, Miwa M, Leaf CD, Tannenbaum SR. Nitrosation by
stimulated macrophages. Inhibitors, enhancers and substrates. Carcinogenesis
1989;10:563e6.

4861

[89] Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent hydroxyl radical production by peroxynitrite: implications for endothelial injury
from nitric oxide and superoxide. Proc Natl Acad Sci U S A 1990;87:1620e4.
[90] van Furth R, Cohn ZA. The origin and kinetics of mononuclear phagocytes.
J Exp Med 1968;128:415e35.
[91] Shi C, Pamer EG. Monocyte recruitment during infection and inﬂammation.
Nat Rev Immunol 2011;11:762e74.
[92] Nathan C, Shiloh MU. Reactive oxygen and nitrogen intermediates in the
relationship between mammalian hosts and microbial pathogens. Proc Natl
Acad Sci U S A 2000;97:8841e8.
[93] Silva MT, Correia-Neves M. Neutrophils and macrophages: the main partners
of phagocyte cell systems. Front Immunol 2012;3:174.
[94] Segal AW. How neutrophils kill microbes. Annu Rev Immunol 2005;23:197e
223.

