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a b s t r a c t
Opsonization of nanocarriers is one of the most important biological barriers for controlled drug delivery.
The typical way to prevent such unspeciﬁc protein adsorption and thus fast clearance by the immune
system is the covalent modiﬁcation of drug delivery vehicles with poly(ethylene glycol) (PEG), so-called
PEGylation. Recently, polyphosphoesters (PPEs) were identiﬁed as adequate PEG substitutes, however with
the beneﬁts of controllable hydrophilicity, additional chemical functionality, or biodegradability. Here, we
present a general strategy by non-covalent adsorption of different nonionic PPE-surfactants to nanocarriers with stealth properties. Polyphosphoester surfactants with different binding motifs were synthesized
by anionic ring-opening polymerization of cyclic phosphates or phosphonates and well-deﬁned polymers were obtained. They were evaluated with regard to their cytotoxicity, protein interactions, and
corona formation and their cellular uptake. We proved that all PPE-surfactants have lower cytotoxicity as the common PEG-based surfactant (Lutensol® AT 50) and that their hydrolysis is controlled by
their chemical structure. Two polymeric nanocarriers, namely polystyrene and poly(methyl methacrylate),
and bio-based and potentially biodegradable hydroxyethyl starch nanocarriers were coated with the PPEsurfactants. All nanocarriers exhibited reduced protein adsorption after coating with PPE-surfactants and
a strongly reduced interaction with macrophages. This general strategy allows the transformation of polymeric nanocarriers into camouﬂaged nanocarriers and by the chemical versatility of PPEs will allow the
attachment of additional moieties for advanced drug delivery.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Statement of significance
Nonionic and degradable polyphosphoester-surfactants were
prepared by the controlled ring-opening polymerization of
cyclic phosphates or phosphonates using stearyl alcohol
as the initiator. This one-step procedure yields surfactants,
which exhibited similar hydrophilic-lipophilic balance as conventional poly(ethylene glycol)-based surfactants but different hydrolysis rates. They were used to coat different model
nanocarriers and the interactions of the coated nanocarriers
with human blood plasma and cells were studied. After coating, the nanocarriers exhibited reduced the protein adsorp-
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tion and a low cellular uptake of the PPEylated nanocarriers
was proven, rendering the noncovalent attachment a suitable
platform to screen stealth properties of nanocarriers modiﬁed
with a library of stealth-polymers.

1. Introduction
The use of nanomaterials as drug carriers requires precise control of their biological ‘fate’ after administration into the bloodstream [1]. A long blood circulation time of the nanomaterials is
crucial for eﬃcient targeted delivery [2]. A critical parameter for
the circulation time is the so-called ṕrotein corona’, which forms
immediately around the nanocarrier upon exposure to biological
ﬂuids by physical adsorption of proteins [3,4]. An unspeciﬁc adsorption of proteins leads to an enhanced recognition by cells of
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the immune system, thus leading to enhanced blood clearance and
shorter blood circulation times [5]. The typical approach to meet
this problem is the decoration of the nanocarriersśurface with
polymer chains, typically poly(ethylene glycol) (PEG) [6]. PEG reduces the protein adsorption, which lowers the recognition of the
nanocarriers by immune cells and eventually prolongs their blood
circulation time, which is known as the ‘stealth effect’ [7,8].
However, since PEG cannot be biodegraded in vivo, accumulation has been reported causing unpredictable risks [9,10]. The use
of biodegradable polymers can prevent any unwanted body accumulation [11,12]. Polyphosphoesters (PPE) are a class of biodegradable polymers, which are alternatives to PEG since they are not
only biodegradable but also provide the possibility of controlling
hydrophilicity, degradation rates, or chemical functionality [13–15].
Recently, PPEs were identiﬁed to induce a similar stealth effect as
PEG [16], but besides, could be functionalized with additional targeting groups [17]. PPEs were attached covalently to nanocarriers
via grafting-to techniques of suitable end-functionalized polymers
[18]. However, the covalent attachment of polymer chains to the
nanocarriersśurface requires careful preparation in order to retain
the colloidal stability of the dispersion and achieve a high grafting density. More importantly, every nanocarrier requires a tailored strategy for its surface modiﬁcation, depending on the functional groups on the surface. Based on these challenges, Müller
et al. studied the adsorption process of PPE-surfactants with model
polystyrene (PS) nanocarriers to develop a non-covalent functionalization strategy [19]. They could prove a control of the protein
corona by stabilizing model nanocarriers with PPE block copolymers or surfactants. Based on these results, we exploit the noncovalent adsorption strategy to a library of structurally diverse
PPE-surfactants to prepare a variety of nanocarriers with stealth
properties, i.e. a low uptake into macrophages. Coating of nanocarriers with PPE surfactants should reduce and control the protein
adsorption from human blood plasma. For nanocarriers, it is important to be camouﬂaged against the recognition by macrophages
to avoid rapid blood clearance. Importantly, this strategy should
allow the camouﬂage of any nanocarrier independent of the material it is made of. We demonstrated herein with two model
nanocarriers based on PS and poly(methyl methacrylate) (PMMA)
and a biodegradable hydroxyethyl starch (HES) nanocarrier that
PPE-surfactants control protein interactions and cellular uptake
for all these materials. Furthermore, the PPE platform allows the
synthesis of water-soluble polymers with adjustable properties
such as degradation behavior or and hydrophilicity. Different PPEsurfactants were used to inﬂuence the composition of the protein
corona and control the stability of the PPEs. Together, this underlines the general approach to equip different nanocarriers with
stealth properties, which is an important goal for targeted drug delivery.

2. Experimental
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2.1.1. NMR spectroscopy
1 H, 13 C, and 31 P NMR spectra were recorded using a Bruker
Avance III 250, a Bruker Avance 300, a Bruker Avance III 500 or a
Bruker Avance700. All spectra were referenced internally to residual proton signals of the deuterated solvent.
2.1.2. SEC
Size exclusion chromatography (SEC) measurements of the surfactants were performed in DMF (containing 1 gL−1 of lithium bromide as an additive) at 60°C and a ﬂow rate of 1 mL min−1 with a
PSS SECurity as an integrated instrument, including a set of 3 PSS
GRAM columns (porosity of 100 Å and 10 0 0 Å) and a refractive
index (RI) Detector. Calibration was carried out using polyethylene
glycol standards provided by Polymer Standards Service.
2.1.3. ξ -potential
The zeta potential of the prepared nanoparticles was measured
with a Zeta Sizer Nano Series (Malvern Instruments, U.K.) at 25°C.
The samples were prepared by diluting 10 μL of the nanoparticle
dispersion in 1 mL of a 10−3 M potassium chloride solution
2.1.4. DLS
Dynamic light scattering (DLS) measurements of the surfactants
were performed on an ALV spectrometer consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator (320 channels) which allows measurements over an angular range from 30°
to 150. A He-Ne Laser (wavelength of 632.8 nm) is used as light
source. For temperature controlled measurements the light scattering instrument is equipped with a thermostat from Julabo. The average size and the size distribution of the nanoparticles were measured by means of DLS at 23°C using a PSS NicompTM Submicron
Particle Sizer 380 (Nicomp Particle Sizing Systems) equipped with
a detector for a scattering angle of 90° to the incident beam. The
samples were diluted in demineralized water to be visually hardly
cloudy and were measured twice for 3 minutes.
2.1.5. Tcp determination
Cloud points (Tcp ) were determined either in MilliQ water or
Dulbecco’s PBS from Sigma-Aldrich and detected by optical transmittance of a light beam (λ = 500 nm) through a 1 cm sample cell.
The measurements were performed in a Jasco V-630 photo spectrometer with a Jasco ETC-717 Peltier element. The intensity of the
transmitted light was recorded versus the temperature of the sample cell. The heating/cooling rate was 1°C min−1 , and values were
recorded every 0.1°C.
2.1.6. DSC
The thermal properties of the synthesized polymers have been
measured by differential scanning calorimetry (DSC) on a Mettler Toledo DSC 823 calorimeter. Three scanning cycles of heatingcooling were performed in an N2 -atmosphere 30 mL/min) with a
heating and cooling rate of 10°C/min.

2.1. General information
All chemicals and solvents were purchased from Sigma-Aldrich,
Acros Organics or Fluka and used as received unless otherwise
stated. The monomers and initiator were distilled from MgSO4 and
stored over molecular sieves. Deuterated solvents were purchased
from Sigma-Aldrich and used as received. Human serum albumin
was purchased from Sigma-Aldrich and used as received. Fibrinogen (Haemocomplettan® P 1 g / 2 g) was used as received. Whole
human blood was obtained from 10 healthy donors. Sodium citrate
was added as anticoagualant to generate human blood plasma. For
serum preparation, blood from 6 healthy donors was taken and allowed to clot overnight according to the standard procedure.

2.1.7. SFT measurements
Surface tension measurements to determine the critical micelle
concentration (CMC) of the surfactants in MilliQ water were performed using a DCAT 11 EC tensiometer (Dataphysics, Filderstadt,
Germany) equipped with a TV 70 temperature control unit, an LDU
1/1 liquid dosing and a reﬁll unit, as well as an RG 11 Du Nouy
ring. The Du Nouy ring was washed with water and annealed prior
to use. CMCs were determined using a standard program, where
deﬁned amounts of a surfactant solution (0.375 mg mL−1 ) were
added into 16 mL of MilliQ water. After each addition, the solution was stirred for 60 s and the surface tension was determined
as the average value of three measurements. Surface tension data
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were processed using SCAT v3.3.2.93 software. The CMC was determined by linear regression of the slopes at high and at low concentration. The point of intersection was the CMC. For the surface
tension measurements in particle dispersions, samples were prepared by dissolving a deﬁned amount of surfactant in the particle
dispersion (2 wt%). The surface tension of each sample was determined as the average value of ten measurements.
2.1.8. SEM
Scanning electron microscopy (SEM) of the prepared nanoparticles was performed using a Zeiss 1530 LEO Gemini microscope
with an accelerating voltage of 0.2 kV and a working distance of
~3 mm. The nanoparticles were prepared by dilution of the respective nanoparticle dispersion in MilliQ water. The diluted dispersion
was dropped onto a silica wafer and dried at ambient temperature.
2.1.9. Protein corona preparation
A constant ratio between the nanoparticle surface area (0.05
m2 ) and human citrate plasma (1 mL) was chosen. Nanoparticles
were incubated at 37°C for 1 h to allow corona formation. To remove unbound proteins, nanoparticles were centrifuged for 1 h,
20.0 0 0 g (4°C) and redispersed in 1 mL PBS (Sigma Aldrich, USA).
This step was repeated three times. To elute the bound proteins,
the nanoparticle pellet was resuspended in 2% (w/v) SDS (Carl Roth
GmbH, Germany) with 62.5 mM Tris∗ HCl (Sigma Aldrich, USA) and
incubated at 95°C (5 min). Nanoparticles were centrifuged (20.0 0 0
g, 1 h, 4°C) and the supernatant contained desorbed corona proteins.
2.1.10. Pierce 660 nm protein assay
The protein concentrations were determined by Pierce 660 nm
protein assay (Thermo Scientiﬁc, USA) according to the manufacturer’s instructions.
2.1.11. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)
Protein samples (26 μL) were diluted with 10 μL of NuPAGE LDS
Sample Buffer, 6 μL NuPAGE Sample Reducing Agent and incubated
70°C (10 min). Samples were applied to a NuPAGE® 10% Bis-Tris gel
and electrophoresis was carried out 100 V (1 h) in NuPAGE MES
SDS Running Buffer. SeeBlue Plus2 Pre-Stained Standard was used
as a protein marker. Protein (1 μg) bands were visualized by Pierce
Silver Stain kit according to the manufacturers´instruction. For high
protein amounts (6 μg per lane) the ready to use Coomassie solution (Simple Blue Safe Stain) was chosen. All reagents were obtained from Thermo Fischer Scientiﬁc, USA.
2.1.12. Cell culture
The murine macrophage cell line RAW264.7 was cultured in
Dulbecco’s modiﬁed Eagle medium (DMEM), supplemented with
10% fetal bovine serum (FBS), 10 0 U mL−1 penicillin, 10 0 mg mL−1
streptomycin and 2 mM glutamine. All reagents were obtained
from Gibco, USA.
2.1.13. Flow cytometry
For cellular uptake analysis, 150.0 0 0 cells per well (RAW 264.7)
were seeded out in 24-well plates. After overnight incubation at
37°C, cells were washed with PBS and kept in cell culture medium
additional proteins. Before cellular uptake experiments, nanoparticles were incubated with plasma (see protein corona preparation
above) and added to cells at a concentration of 75 μg mL−1 for 2 h.
Further, cells were washed with PBS to remove free nanoparticles
and detached with 2.5% trypsin (Gibco, Germany). Measurements
were conducted on a CyFlow ML Cytometer and data analysis was
analyzed with FCS Express V4 software. Cells were selected on a
forward/sideward scatter plot, eluding cell debris and gated events
were as a percentage of ﬂuorescent positive cells (%).

2.1.14. Confocal laser scanning microscopy (CLSM)
RAW264.7 (80,0 0 0 cells per well) were seeded in Ibidi iTreat
μ-dishes (IBIDI, Germany) overnight, washed with PBS, and kept
in DMEM without additional proteins. Cellular uptake experiments
were conducted as described above (ﬂow cytometry). For confocal images, the cell membrane was stained with CellMask Orange
(CMO, stock solution: 5 mg mL−1 in DMSO, Thermo Fisher, USA).
Images were taken on a Leica TCS SP5 II microscope with an HC
PL APO CS 63x/1.4 oil objective using the software LAS AF 30 0 0
software and the ﬂuorescence signals of nanoparticles (excitation:
488 nm) and CMO (excitation: 561 nm) were detected. We chose
murine macrophages as this cell line model has been established
in our lab and the RAW264.7 cells have a high phagocytotic capability and are prone to take up any nanoparticle rapidly. Therefore,
they are the ideal system to investigate whether a new polymer
coating of nanocarriers is effective as a stealth coating.
2.1.15. Statistical analysis
An unpaired studentś t-test assuming equal variances was performed and the calculated p values were deﬁned as followed: ∗ p <
0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.
2.2. Synthetic procedures
2.2.1. Synthesis of 2-Ethyl-2-oxo-1,3,2-dioxaphospholane
A ﬂame-dried three-necked round-bottom ﬂask, equipped with
a magnetic stirring bar and two dropping funnels, was charged
with 250 mL of dry THF and cooled to -21°C. Ethylphosphonic acid
dichloride (64 g, 0.44 mol, 1 eq) was dissolved in dry THF (250 mL)
and transferred into one dropping funnel. A solution of dry ethylene glycol (27 g, 0.44 mol, 1 eq) and dry pyridine (50.6 g, 0.87
mol, 2 eq) in THF (250 mL) was transferred into the second dropping funnel. The dropping speed was adjusted to be approximately
equal for both dropping funnels. After complete addition, the reaction mixture was stirred for further 3 h and kept overnight at
−28°C to facilitate the precipitation of the pyridinium hydrochloride byproduct. The precipitate was removed by ﬁltration via a
Schlenk funnel, and the solvent was removed at reduced pressure.
Fractionated distillation yielded the desired product as a colorless
oil. (50.3 g, yield 85%, bp 95°C/2.6 × 10−2 mbar).
1 H NMR (300 MHz, Chloroform-d) δ 4.58 – 4.38 (m, 2H, -P-OCH2 -), 4.36 – 4.15 (m, 2H, -P-O-CH2 -), 2.08 – 1.88 (m, 2H, 2H, -PCH2 -), 1.29 – 1.10 (m, 3H, -CH3 ). 31 P NMR (121 MHz, chloroform-d)
δ 52.52
2.2.2. Synthesis of 2-methoxy-1,3,2-dioxaphospholane 2-oxide
A ﬂame-dried three-neck ﬂask, equipped with a dropping funnel, was charged with a solution of dry methanol (12.4 g, 0.35 mol,
1.1 eq) and dry triethylamine (39.1 g, 0.39 mol, 1.1 eq) in dry THF
(250 mL) and cooled down to 0°C. A solution of 2-chloro-2-oxo1,3,2-dioxaphospholane (50 g, 0.35 mol, 1 eq) dissolved in dry THF
(50 mL) was added to the trimethylamine/methanol mixture under constant stirring. After the complete addition of COP, the reaction mixture was stirred for 2 more hours at 0°C. The precipitated
salt was removed by ﬁltration and the ﬁltrate was concentrated
in vacuo. The residue was puriﬁed by distillation under reduced
pressure. The product was obtained as a colorless liquid (37.3g,
0.27 mol, yield: 77%, bp.: 83°C, 10−2 mbar)
1 H NMR (300 MHz, Chloroform-d) δ 4.54 – 4.26 (m, 4H,-OCH2 -CH2 -O-), 3.82 (d, 3H, J = 11.7 Hz, -CH3 ). 31 P NMR (121 MHz,
Chloroform-d) δ 18.57
2.2.3. Synthesis of 2-ethoxy-1,2-oxaphospholane-2-oxide
EPP was synthesized according to a literature procedure [20].
Triethyl phosphite (131 g, 0.8 mol, 2 eq) and 1,3-dibromopropane
(80 g, 0.4 mol, 1 eq) were combined in a round bottom
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ﬂask equipped with a distillation apparatus to remove evolving
ethyl bromide. The mixture was heated up to 120°C until 1,3dibromopropane was consumed completely (the consumption of
the alkyl halide was monitored by NMR measurements since no
solvent is used for the reaction). The crude monomer was separated from the oligomeric side product by distillation (55-60°C,
0.1 mbar) and puriﬁed by fractional distillation. 12.5 g (0.08 mol,
20%) 2-ethoxy-1,2-oxaphospholane-2-oxide was obtained as colorless liquid.
1 H NMR (300 MHz, chloroform-d) δ 4.25 – 3.96 (m, 4H, P-O-CH2 -), 2.37 – 2.06 (m, 2H, P-O-CH2 -CH2 -), 1.90 – 1.65 (m,
2H, -P-CH2 -), 1.28 (t, J = 7.1 Hz, 3H, -CH3 ). 13 C NMR (176 MHz,
chloroform-d) δ 67.26 (-O-CH2 -CH2 -), 62.18 (-O-CH2 -CH3 ), 23.92
(-P-CH2 -), 18.49 (-P-CH2 -CH2 -), 16.47 (-CH3 ). 31 P NMR (121 MHz,
chloroform-d) δ 49.25.
2.2.3.1. Representative synthesis of S1. All Schlenk-tubes were
ﬂame-dried before use. 1-Octadecanol was used as initiator and 1,8-diazabicyclo[5.4.0]undec-7-ene DBU (DBU) / 1(3,5-bis(triﬂuoromethyl)phenyl)-3-cyclohexyl thiourea (TU) as
catalyst/co-catalyst system. 1-Octadecanol and TU were dried by
lyophilization with benzene. MEP (511 mg, 3.71 mmol, 40 eq) was
added to the dried TU (171 mg, 0.46 mmol, 5 eq). A stock solution
of 1-octadecanol in dry dichloromethane was prepared with a
concentration of 20 mg mL−1 . 1.25 mL (25.0 mg, 0.084 mmol,
1 eq) of the initiator stock solution was added to the monomer.
The polymerization was initiated by the addition of DBU (70
mg, 0.46 mmol, 5eq). Polymerization was conducted at 5°C and
terminated after 1 h by the rapid addition of an excess of acetic
acid dissolved in dichloromethane with a concentration of 20 mg
mL−1 . The polymer was obtained by three-times precipitation in
cold diethyl ether and subsequent dialysis against water to yield
381 mg (75%) of a colorless amorphous polymer.
Representative NMR data: 1 H NMR (500 MHz, Chloroform-d)
δ 4.29 – 4.21 (m, -O-CH2 -CH2 -O- polymer backbone), 3.81 (d,
J = 11.3 Hz, -O-CH3 ), 1.67 (m, -O-CH2 -CH2 - initiator) 1.24 (s, (CH2 )15 -CH3 initiator) 0.87 (t, J = 6.8 Hz, -CH3 initiator). 31 P NMR
(202 MHz, Chloroform-d) δ 1.11, -0.18, -1.50. 13 C NMR (126 MHz,
chloroform-d) δ 66.34 (-O-CH2 -CH2 -O- polymer backbone), 54.68
(-OCH3 side chain), 29.69, 29.68 (-CH2 - initiator), 29.65, 29.52,
29.35, 29.16, 14.06 (-CH3 initiator)
2.2.3.2. Synthesis of surfactant S2. All Schlenk-tubes were
ﬂame-dried before use. 1-Octadecanol was used as initiator and 1,8-diazabicyclo[5.4.0]undec-7-ene DBU (DBU) / 1(3,5-bis(triﬂuoromethyl)phenyl)-3-cyclohexyl thiourea (TU) as
catalyst/co-catalyst system. 1-Octadecanol and TU (136 mg, 370
μmol, 4.6 eq) were dried by lyophilization with benzene prior to
use. EPP (490 mg, 3.26 mmol, 40 eq) was added to the dried TU.
A stock solution of 1-octadecanol in dry toluene was prepared
with a concentration of 20 mg mL−1 . 1.1 mL (22.0 mg, 84 mol,
1 eq) of the initiator stock solution was added to the monomer.
The polymerization was initiated by the addition of DBU (62 mg,
0.41 mmol, 4.6 eq) at 5°C. Immediately, the reaction mixture was
cooled down to 0°C and quenched after 20 h by the rapid addition
of an excess of acetic acid (c = 20 mg mL-1 ). The polymer was
obtained by three-times precipitation in cold diethyl ether and
subsequent dialysis against water to yield 396 mg (81%) of a
colorless amorphous polymer.
1 H NMR (500 MHz, Chloroform-d) δ 4.18 – 4.02 (m, -CH -CH 2
2
O- polymer backbone, -O-CH2 - side chain), 1.95 (ddt, J = 14.9,
11.0, 6.2 Hz, -O-CH2 -CH2 - polymer backbone), 1.82 (ddt, J = 16.7,
11.7, 7.2 Hz, -O-CH2 -CH2 -CH2 - polymer backbone), 1.32 (t, J = 7.0
Hz, -CH3 side chain), 1.24 (s, -(CH2 )15 -CH3 initiator), 0.86 (t,
J = 6.9 Hz, -CH3 initiator). 13 C NMR (126 MHz, Chloroform-d) δ
64.99 (-CH2 -CH2 -O- polymer backbone) 61.71(-O-CH2 - side chain),
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29.68 (-(CH2 )15 - initiator), 23.91 (-O-CH2 -CH2 - polymer backbone),
22.50, 21.36 (-O-CH2 -CH2 -CH2 - polymer backbone), 16,51(-CH3 side
chain), 14.12 (-CH3 initiator). 31 P NMR (202 MHz, Chloroform-d) δ
31.78, 31.43, 31.19.
2.2.3.3. Synthesis of S3. All Schlenk-tubes were ﬂame-dried
before use. 1-Octadecanol was used as an initiator and 1,8diazabicyclo[5.4.0]undec-7-ene DBU as catalyst2-ethyl-1,3,2dioxaphospholane-2-oxide (457 mg, 3.36 mmol, 40 eq) was placed
in a ﬂame-dried Schlenk tube. A stock solution of octadecanol in
dry toluene was prepared with a concentration of 20 mg mL−1 .
1.13 mL (22.7 mg, 0.084 mmol, 1 eq) of the initiator stock solution
was added to the monomer. The polymerization was initiated
by the addition of 62 μL of DBU (64 mg, 0.42mmol, 5eq). The
polymerization was conducted at room temperature and quenched
after 19 h by the rapid addition of an excess of acetic acid (c = 20
mg mL−1 in DCM). The polymer was obtained by three-times
precipitation in cold diethyl ether and subsequent dialysis against
water to yield 448 mg (93%) of a colorless amorphous polymer.
1 H NMR (500 MHz, Chloroform-d) δ 4.38 – 4.09 (m, -O-CH 2
CH2 -O- polymer backbone), 1.83 (dq, J = 18.4, 7.7 Hz, P-CH2 -CH3
side chain), 1.26 (s, -(CH2 )15 - initiator), 1.19 (dt, J = 20.5, 7.6 Hz,
P-CH2 -CH3 side chain), 0.86 (t, J = 6.9 Hz, -CH3 initiator). 13 C
NMR (126 MHz, Chloroform-d) δ 64.50(-O-CH2 -CH2 -O- polymer
backbone), 29.69 (-(CH2 )15 - initiator), 19.36, 18.22 (P-CH2 -CH3 side
chain), 14.12(-CH3 initiator), 6.44 (P-CH2 -CH3 side chain). 31 P NMR
(202 MHz, Chloroform-d) δ 35.23.
2.3. Degradation
Degradation studies were conducted using 3.5 mg of the respective surfactant in 0.75 mL of a NaOH/NaHCO3 buffer.
2.3.1. Buffer preparation
10 mL of Buffer solution with pH 11 were prepared by adding 5
mL of 0.4 M NaHCO3 -solution with 1.89 mL of 1 M NaOH solution
and 2.11 mL H2 O and 1 mL D2 O to achieve an H2 O: D2 O ratio of
9:1. The pH of the buffer was determined with a pH electrode.
2.3.1.1. Synthesis of PS/PMMA model nanocarriers. The polymeric
nanocarriers were prepared following a well-established protocol
[21]. A macroemulsion was prepared with a continuous phase
containing sodium dodecyl sulfate (SDS) (60 mg, 0.21 mmol) as
a surfactant in 24 g MilliQ water and a dispersed phase containing stabilizer-free styrene (6 g, 57.6 mol), hexadecane (250
mg, 0.9 mmol) as ultrahydrophobe, Bodipy methacrylate (6 mg,
1.3•10−5 mol) as ﬂuorescent dye and azoisobutyronitrile (AIBN)
(100 mg, 0.6 mmol) as oil-soluble initiator. For the synthesis of
PMMA nanoparticles, styrene was replaced by methyl methacrylate
(MMA) (6 g, 59.9 mmol) as a monomer, while all other components remained the same. In both cases, both phases were homogenized by mechanical stirring and subsequently, the organic phase
was added slowly to the stirring aqueous phase. The macroemulsion was stirred for 1h at the highest speed. Subsequently, the
macroemulsion was ultrasonicated with a Branson Soniﬁer (1/2“
tip, 6.5 nm diameter) for 3 min (program: 10 s pulse and 3 s
pause) at 70% amplitude under ice cooling to obtain a miniemulsion. The miniemulsion was directly transferred into a 50 mL ﬂask,
heated to 72°C and stirred overnight.
2.3.1.2. Synthesis of HES nanocarriers. Based on the previously established protocols [22,23], HES nanocapsules were synthesized by
using the polyaddition reaction at the droplet interface via inverse
miniemulsion. The ﬂuorescent dye sulforhodamine 101 was encapsulated for cellular uptake studies.
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2.3.1.3. Loading of nanocarriers with surfactants. For coating of
polystyrene nanoparticles with the surfactants, S1-S3 and Lutensol® AT50 were dissolved at a concentration of 3 mg mL−1 in the
particle dispersion (2 wt%), placed into a dialysis tube with MWCO
of 1 kDa and dialyzed against deionized water for 24 h. For coating of poly (methyl methacrylate) nanoparticles, S1 and Lutensol®
AT50 were dissolved at a concentration of 10 mg mL−1 in the particle dispersion (2 wt%), placed into a dialysis tube with MWCO of
1 kDa and dialyzed against deionized water for 24 h. For the coating of hydroxyl ethyl starch nanocapsules, the HES nanocarrier dispersion (1wt%, 100 μL) was diluted with water (1 mL), centrifuged
(20 0 0 0 g, 1 h) and resuspended in the respective surfactant solution (1%, 1 mL).

at 95°C. The distance between the plots for the native and the denatured protein was assumed as a maximum deviation. The percentage of denaturation of HSA at different surfactant concentrations was determined by referencing the deviation for each surfactant concentration to the maximum deviation. Here, the ﬁrst six
values were used to determine the deviation from the plot of the
native protein.

2.4. NanoDSF measurements

3. Results & discussion

2.4.1. Interaction with human serum albumin (HSA)
A stock solution of HSA in MilliQ water at a concentration of 60
mg mL−1 was prepared and solutions of each surfactant in MilliQ
water at a concentration of 4 μmol L−1 were prepared. To evaluate the concentration-dependent interaction 200 μL of HSA stock
solution were treated with 5, 10, 15, 20, 25 μL of the surfactant
stock solutions and the amount of denatured protein was evaluated
by NanoDSF measurements. As a reference the native protein and
the denatured protein were used. Denaturing of the protein was
achieved by incubation of the protein in an SDS solution at a concentration of 2 wt% for 30 min at 95°C. The amount of denatured
protein was determined by label-free differential scanning ﬂuorimetry (nanoDSF). Depending on the protein structure the thermal
unfolding process led to changes in ﬂuorescence emission properties monitored at two wavelengths (350 nm and 330 nm). Here,
the ﬂuorescence emission is plotted as the ratio of 350/330 nm.
As references, the native protein and the denatured protein were
used. Denaturing of the protein was achieved by incubation of the
protein in an SDS solution at a concentration of 2 wt% for 30 min

3.1. Surfactant preparation

2.4.2. Interaction with ﬁbrinogen
The interaction between the surfactants and ﬁbrinogen was
evaluated analogously to the procedure for HSA. For ﬁbrinogen a
stock solution at a lower concentration of 10 mg mL−1 in MilliQ
water was prepared.

Three different nonionic polyphosphoester-surfactants (PPE)
were prepared by anionic ring-opening polymerization (ROP) of
different cyclic phosphoester monomers (producing water-soluble
polymers), initiated by octadecanol as the hydrophobic tail. The
PPE-surfactants differ in their hydrophilic part, exactly in the binding pattern around the central phosphorus atom of each repeating
unit (Scheme 1). Herein, a series of new PPE-surfactants belonging
to two different PPE-subclasses are presented, i.e. the polyphosphates (Scheme 1, sample S1) and the polyphospho nates while
it has to be distinguished between in-chain (Scheme 1 sample S2)
and side-chain polyphosphonates (Scheme 1, sample S3). The different binding motifs inﬂuence the hydrophilicity/hydrophobicity
of the PPEs [14] and also the degradation behavior dramatically
[24]. In this study, the inﬂuence of the different binding patterns on the surfactant properties is evaluated in detail concerning their stabilizing ability, toxicity, protein interaction, stealth,
and degradation behavior and compared to the well-established

Scheme 1. General scheme for the synthesis of polyphosphoester-surfactants by ring-opening polymerization with different binding motifs.

K.N. Bauer, J. Simon and V. Mailänder et al. / Acta Biomaterialia 116 (2020) 318–328

323

Fig. 1. 1 H NMR spectra of the surfactants 1-3. (a) 1 H NMR spectrum of S1 (500 MHz, CDCl3 , 298K). (b) 1 H NMR spectrum of S2 (500 MHz, CDCl3 , 298K). (c) 1 H NMR of S3
(500 MHz, CDCl3 , 298K).

PEG analog surfactant Lutensol® AT50. 5-membered cyclic phosphates, phosphonates, and phostones were used as the monomers
that should alter the hydrophilicity and degradation proﬁle of
the materials. The prepared polymers were found to be highly
water-soluble up to a concentration of at least 10 g L−1 . Furthermore, the changed backbone structure in the PPE-polymers avoids
the potential release of toxic ethylene glycol upon degradation.
All monomers were polymerized via organocatalytic ROP. Polymerizations of MEP (M1) and EPP (M2) were conducted using a
combination of 1,8- diazabicyclo[5.4.0]undec-7-ene (DBU) and Ncyclohexyl-N -(3,5-bis(triﬂuoromethyl)phenyl)thiourea (TU) as the
catalyst. Polymerizations were initiated at 5°C to avoid initiator
precipitation and were subsequently cooled down to 0°C. For the
phosphates (S1) and the phostone (S2) molar mass dispersities of
Đ ≈ 1.2-1.5 were obtained. In contrast, polymerization of EEPn
(M3) was carried out at ambient temperature for 17 h using DBU
as a single catalyst yielding polymers with low molar mass dispersity (Đ ≈ 1.1, determined by size exclusion chromatography (SEC,
Figure S10-S12)). Typically, polymerizations of phosphonates (S3)
lead to low dispersity due to stable P-C-bond in the pendant chain
avoiding transesteriﬁcation during ROP. All surfactants were puriﬁed by precipitation into diethyl ether and subsequent exhaustive
dialysis against water. The number of repeat units was determined
by 1 H NMR spectroscopy (Figs. 1 and S1-S14; complete polymer
characterization is summarized in the Experimental Section). The
degree of polymerization was determined by the integration of the
1 H NMR resonance for the terminal methyl group of the initiator at 0.9 ppm and compared with the backbone signals (Fig. 1
and Table 1). For sample S1 the doublet of the pendant methoxy
group at 3.8 ppm was used; for sample S2 the signal at 1.3 ppm,
which belongs to the methyl group in the pendant chain. The repeat units of sample S3 were determined by comparison of the
initiator signals with the signal at 1.8 ppm that was attributed to
the methylene group in the pendant chain adjacent to the phos-

phorus atom. The critical micelle concentrations (CMC) of the PPEsurfactants were determined by ring-tensiometry and were in the
range between 4.2 and 5.8 μmol L−1 , which are similar values as
other nonionic surfactants (e.g. Lutensol® AT50, cf. Table 1). The
HLB values of all surfactants were similar (HLB=18-19) and were
calculated according to the method of Griﬃn (Eq. (1): with HLB=
hydrophilic-lipophilic balance, 270 for the molar mass of stearyl alcohol, MPPE = molar mass of the hydrophilic PPE-block according to
Table 1) [25].

HLB = 20 x



1−

270
MP P E



(1)

3.2. Cell viability and protein interactions
To evaluate the biocompatibility of the PPE-surfactants, S13 were incubated (in absence of any nanocarriers) with murine
macrophages (RAW 264.7) and the cell viability was compared to
the commercial surfactant, Lutensol® AT 50 (Fig. 2). Macrophages
were chosen to determine the cell viability of the prepared surfactants as they were used in the following cell uptake experiments
to investigate the stealth behavior. In one of our previous studies, we investigated the cytotoxicity of nanocarriers coated with
polyphosphoester surfactants.17 We were able to prove that there
was not signiﬁcant cytotoxcicity due to incubation of cells with
nanocarriers coated with PPE surfactants. Cells were incubated for
12 h at 37°C with the surfactants at concentrations ranging from
1.88 to 240 μmol L−1 and the cell viability was determined via the
CellTiter-Glo® Luminescent Cell Viability Assay (Fig. 2). Cytotoxcicity studies up to 48 h were already performed in our previous
studies for different polyphosphoesters in the past.24,27 No significant toxic effects for the polyphosphoester surfactants even after
48 h treatment had been detected. For the here presented data,
we aimed for a comparison of the PEG-based surfactant (Lutensol
AT50) with the PPE surfactants. As for Lut-AT50 already after 12
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Table 1
Characterization of all stealth surfactants. All surfactants were initiated by octadecanol as the hydrophobic tail.
Repeat Unitsa

Mn a /gmol−1

Ða

CMCb /μmol L−1

HLBc

γ / mN m−1

S1

35

5,100

1.2

5±2

19

46b

S2

40

6,300

1.5

5±1

19

37b

S3

41

5,900

1.1

6±2

19

45b

Lutensol® AT50c

50

2,500

1.1

2

18

49b

Surfactant

a
b
c

Monomer

Determined by 1 H NMR spectroscopy.
Determined by ring tensiometry.
determined by Eq. (1).

Fig. 2. (a) In vitro cell viability assay (CellTiter-Glo®) of RAW 264.7 cells treated with surfactants S1-3 and Lutensol® AT50 after 12 h of incubation. Values are shown as
mean ± SD from triplicates. Protein-surfactant interaction. Interaction of HSA (b) and ﬁbrinogen (c) with SDS, Lutensol® AT 50, and the PPE-surfactants S1-S3 analyzed by
label-free differential scanning ﬂuorimetry (nanoDSF).

h, the cell viability was very low in comparison to the PPE surfactants, no longer times were investigated (Fig. 2a). Lutensol® AT
50 showed the highest cytotoxicity of the evaluated surfactants. At
high concentrations of 240 - 60 μmol L−1 nearly entire cell death
was observed, while abruptly increased cell viabilities (~ 50%) were
observed upon 30 μmol L−1 . Surfactants S1 and S2 proved lower
cytotoxicity: in concentrations ranging from 240 – 30 μmol L−1

slightly toxic effects, while high cell viabilities (~98%) were observed for concentrations from 30 μmol L−1 on. For the following cellular uptake experiments of the surfactant-covered nanocarriers (see below, Fig. 4), for the measurement of the surfactants
themselves, a maximum concentration of 30 μmol L−1 of the respective surfactant was used. Interestingly, surfactant S3 did not
show any cytotoxic effects in the considered concentration range,
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Fig. 3. (a) Degradation proﬁle of surfactants S1-S3 derived from 31 P NMRs. Depicted is the decreasing triester/diester (polymer) signal. 31 P NMR spectra (121 MHz, H2 O/D2 O
(9/1), 300 K) of the degradation of S1 (b), S2 (c), and S3 (d) at pH 11. The degradation was quantiﬁed by 31 P NMR spectra recorded at different time points. The degradation
curve was obtained by integration of the phosphorus triester/diester (polymer) and diester/monoester (degradation product) signal and comparison of the integrals.

which might be attributed to the higher hydrophilicity of the sidechain polyphosphonate compared to the main-chain polyphosphonate (S2) and the polyphosphate S3. Similar ﬁndings had been reported for mixtures of Tween and Span-type surfactants, which exhibited lower cytotoxicity if the overall hydrophilicity of the mixture was increased [26]. Even if the HLB values (Table 4), which
were determined by the classical method by Griﬃn, does not differentiate these different hydrophilicities, HPLC measurements according to a previous protocol of the respective PPE-homopolymers
revealed the following order of hydrophilicity: S3>S1>S2 (Figure
S15) [27].
Further interaction of the PPE-surfactants with blood proteins
was evaluated and compared with Lutensol® AT50 and the anionic
surfactant SDS. It is known from previous studies that nanocarriers stabilized with Lut-AT50 (with a degree of polymerization of
50 for ethylene oxide) exhibited a low protein adsorption and gave
a stealth effect similar to covalently modiﬁed nanocarriers. In this
study, we kept the degree of polymerization of the new surfactants similar to that value (DPn ca. 50) however the degree of polymerization might be a further handle to tune the protein adsorption pattern. Human serum albumin as the most abundant protein
in human blood and ﬁbrinogen being the most abundant protein
in the corona of unmodiﬁed polystyrene nanoparticles (see supporting information including a separate Excel Sheet for all identiﬁed corona proteins) were chosen for the experiments. The proteins were incubated with the surfactants at 37°C in a concentration range of 0.02 – 0.1 μmol according to the concentration range
used for the nanocarrier modiﬁcation and protein corona studies (see below). The inﬂuence of the surfactant to the nature of
the protein was determined for different surfactant concentrations
by label-free differential scanning ﬂuorimetry (nanoDSF) [28]. Depending on the protein structure the thermal unfolding process led

to changes in ﬂuorescence emission properties, which are monitored at two wavelengths (350 nm and 330 nm). The shift in ﬂuorescence emission was plotted as a ratio of 350 nm and 330 nm
against the heating temperature. As references, the distance between the curve of the native and the fully denatured protein was
used and the other measurements are normalized to this value
(raw data Figures S16-S17).
As expected, in all cases we observed denaturation of HSA upon
surfactant exposure. However, for the ﬁve surfactants, minor differences were observed. In general, we saw a slight concentrationdependent denaturation of HSA with the highest amount of denatured protein for the highest surfactant concentration (Fig. 4b). The
strongest denaturation in the case of HSA was observed for Lutensol® AT50, and S3 with ~23% of denatured protein for the highest concentrations. SDS and S2 showed lower effects on the protein denaturation with a maximum denaturation of ~18% for the
highest concentration. The same measurement was conducted for
ﬁbrinogen (Fig. 4c) with signiﬁcantly different results. In the case
of SDS, an almost linear increase of denatured protein was observed with increasing concentration culminating in a maximum
denaturation of ~60%. In contrast, the polymeric PPE-surfactants
and Lutensol® AT50 showed no concentration-dependent denaturation of ﬁbrinogen. In literature, it was also shown that nonionic
surfactants can also contribute to protein stabilization [29].
3.3. Hydrolytic degradation of PPEs
One advantage of the PPE-surfactants in comparison to PEGanalogs is their hydrolytic or enzymatic degradability, e.g. by phosphatases. Previous reports on the preparation of polyphosphates
and –phosphonates proved their different degradation proﬁles, depending on the polymer structure [30,31]. As polyesters degrade
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Fig. 4. Coating of nanocarriers with PPE-surfactants provides stealth properties. (a) The amount of adsorbed proteins to the surface of PS-NCs coated with Lutensol® AT50 or
PPE-surfactants (S1-S3) was compared to uncoated PS-NCs. (b) The hard corona pattern was analyzed via LC-MS and all proteins were classiﬁed into seven different classes
based on the biological function. (c) RAW264.7 cells were incubated with PS NCs (75 μg mL−1 , 2 h) which were priory incubated with human plasma. Cell uptake was
analyzed via ﬂow cytometry and the amount of ﬂuorescent positive cells (in %) is shown as mean ± SD from triplicates. p < 0.001∗ ∗ ∗ ; p < 0.01∗ ∗ ; p < 0.05∗ .

faster with increasing pH value [32], we conducted accelerated
degradation studies under basic conditions to keep the degradation
studies in a reasonable time frame.
Upon cleavage of the P-O bond during the degradation process, phosphoric or phosphonic acid derivatives are released, which
leads to an acidiﬁcation of the solution. To guarantee a constant
pH value throughout the whole degradation time, a NaHCO3 /NaOH
buffer pH 11 was applied. The degradation for each surfactant was
conducted at ambient temperature in an NMR tube and the hydrolysis was monitored by 1 H and 31 P NMR spectroscopy. The quantitative evaluation of the degradation was performed using the 31 P
NMR spectra by comparing the integrals of the polymer signal with
the integrals of the newly evolved signals (Fig. 3 and Figures S1821). For surfactants S1 and S2, the cleavage of the phosphoester
can occur either in the side chain or in the main chain, while for
S3 ester cleavage can only occur in the polymer backbone (only
main-chain hydrolysis leads to a reduction in molar mass of the
polymer). 31 P NMR spectroscopy is a straightforward tool to assess the degradation proﬁle of the PPE-surfactants: the degradation products, either phosphoric acid diesters (for S1) or phosphonic monoesters, can be distinguished and quantiﬁed from starting compounds by 31 P NMR spectroscopy (Fig. 3). Fig. 3a shows
distinct different degradation behavior for the different surfactant
structures. For S3 the fastest degradation was observed, which proceeded within a few hours under these conditions. For the other
surfactants, a signiﬁcantly slower degradation was observed. Recently, we were able to identify the degradation mechanism of
polyphosphates to proceed by the nucleophilic attack of the hy-

droxyl terminus on the adjacent phosphorus atom (“backbiting”).
Here, a ﬁve-membered cycle is formed leading to the release of
one repeat unit. For the in-chain and side-chain polyphosphonates
an analogous mechanism is assumed. Thus, the fast degradation of
S3 can be attributed to the –I-effect of the ethyl group attached to
the phosphorus atom, which favors the degradation by backbiting.
Coating of nanocarriers with PPE-surfactants. The major challenges for intravenously applied nanocarriers used as drug delivery
systems are their rapid clearance by phagocytic cells, which eventually limits their therapeutic application [33]. Initially, this process
is driven by the direct interaction of the nanocarriersśurface with
blood proteins [34]. Adsorption of immunoglobulins [35] or complement proteins [36] has been shown to enable a cellular recognition of nanocarriers by phagocytic cells. To prevent unwanted protein adsorption, the surface of the nanocarriers is typically modiﬁed with the PEG, which resulted in prolonged blood circulation
times.
To investigate if the coating of nanocarriers with the here
prepared PPE-surfactants provides stealth properties, cell uptake
towards phagocytes (Figs. 4 and S25-S26) and protein interactions were studied. Three different nanocarriers (based on PS,
PMMA, and HES) were prepared as previously described [22,37].
The physicochemical properties of all nanocarriers are summarized
in the Supporting Information (Table S1 and Figures S23-S23).
All nanocarriers were subsequently coated with PPE-surfactants or
Lutensol® AT50 as a PEGylated reference.
PEGylated nanocarriers, either by covalent attachment of PEG
or by assembling PEGyltated surfactants had proven to suppress
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Fig. 5. PPE-surfactants can be used as a universal stealth coating for various nanocarriers. PMMA (a) and HES-NCs (b) were coated with Lutensol® AT50 or PPE-surfactant
S1. Nanocarriers (75 μg mL−1 ) were incubated with human plasma and added to RAW 264.7 cells for 2 h. Cell uptake was analyzed via ﬂow cytometry (upper graph) and
confocal laser scanning microscopy (lower images). Data is shown in the amount of ﬂuorescent positive cells (in %) as mean ± SD from triplicates. The cell membrane was
stained with CellMask Orange (a) or CellMask Deep Red (b) and is pseudo-colored in red. Nanocarriers were pseudo-colored in green. Scale bar: 10 μm. p < 0.001∗ ∗ ∗ ; p <
0.01∗ ∗ ; p < 0.05∗ .

protein adsorption from blood plasma and resulted in low cellular uptake. As the PPE surfactants herein have similar HLB values,
a similar decrease of protein adsorption was envisioned. The coating procedure is described in the material and method sections;
the nanocarriers did not aggregate during the coating process and
their hydrodynamic radii remained unchanged after coating with
the PPE surfactant (Table S2). Coated PS nanocarriers were incubated with human blood plasma to mimic the in vivo situation.
Subsequently, the amount of adsorbed proteins was determined by
the Pierce Assay (Fig. 4a) and the protein composition was analyzed by SDS PAGE (Figure S27) and mass spectrometry (Figs. 4b
and S28). Coating of nanocarriers with Lutensol® AT50 or PPEsurfactants S1-3 drastically reduced protein adsorption (~ 0.5 mg
per m2 NP) in comparison to uncoated PS nanocarriers (~2.8 mg
per m2 NP).
Analyzing the protein composition of the different nanocarriers
demonstrates that the protein pattern is signiﬁcantly altered for
PPE coated nanocarriers in comparison to uncoated nanocarriers.
Especially, coagulation proteins (e.g. ﬁbrinogen), immunoglobulins,
and complement proteins adsorbed to the surface of PS nanocarriers. In strong contrast, the surface of PPE or Lutensol® AT50 coated
nanocarriers was enriched with lipoproteins (e.g clusterin). Minor
differences in the corona proﬁle of nanocarriers coated with the
different surfactants could be detected for the amount of Apo AI
and Apo E (Figure S28). A list of all identiﬁed proteins with the
amount in fmol and % is given as Supporting Information. These
results are following our previous ﬁnding for covalently PEGylated
and PPEylated nanocarriers. Here, we showed that the protein clusterin specially adsorbed to the surface of stealth nanocarriers. Additionally, we conﬁrmed that the adsorption of clusterin prevented
the interaction with RAW264.7 macrophages (Fig. 5).
To demonstrate that the coating of nanocarriers with PPEsurfactants is a versatile strategy to obtain stealth properties,
PMMA and HES nanocarriers were chosen. Nanocarriers were
coated with Lutensol® AT50 and S1 (Fig. 5). Cellular uptake (Figures S29-S30) and protein interactions (Figures S31-S32) were

studied as described above. We demonstrate that both nanocarriers, which were coated with surfactant S1, exhibited a strongly
reduced protein adsorption (Figures S31-32) and a low cellular uptake towards phagocytes (Fig. 5). This conﬁrms that the coating of
different NCs with PPE-surfactants provides stealth properties.
4. Summary
We presented three different nonionic PPE-surfactants with
varying chemistry around the central phosphorus atom. All surfactants were characterized regarding their cellular toxicity, protein interactions, and degradation under basic conditions. PPEsurfactants were found to be less toxic than the commercial Lutensol® AT50 and proved no signiﬁcant protein denaturation in the
considered concentration range. Degradation studies proved signiﬁcantly different degradation rates for the PPE-surfactants depending on their binding patterns around the central phosphorus atom. The surfactants were used to coat nanocarriers based
on PS, PMMA, and HES and were able to reduce the adsorption
of blood proteins and recognition by cells of the immune system
(macrophages). The general strategy of coating nanocarriers with
different PPE-surfactants will allow further tailoring of targeting
units, degradability and further ﬁne-tuning of the protein corona
composition.
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