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The stability and grafting efficiency are important for polydopamine (pDA) coatings used as platforms for
secondary grafting. In this work, polyethyleneimine (PEI) was co-deposited with dopamine on various
materials (PP, PTFE and PVC), then immersed in a 1.0 M HCl solution or 1.0 M NaOH solution to
investigate the detachment of the coatings using UV-vis spectroscopy, SEM, FTIR spectroscopy and XPS,
and the effect of PEI molecular weight on the secondary grafting of heparin on the pDA/PEI coating was
investigated through clotting time tests. The results showed that the detachment rates of the pDA/PEI
coating (14.6%, 23.7%) co-deposited on PTFE in 1.0 M HCl or 1.0 M NaOH solutions were both lower
than that of the pDA coating (35.0%, 74.6%), indicating that pDA/PEI coatings could better remain on
substrates in a 1.0 M NaOH solution. Besides, pDA/PEI coatings on a PP membrane with both a higher
deposition density and stability could be obtained when the mass ratio of DA/PEIl was 2:1-1:1 and PEl
molecular weight was 600 Da. After grafting heparin, it was found that the pDA/PEI coating with lower
molecular weight (600 Da and 1800 Da) PEI could achieve a higher grafting density of heparin with
a longer clotting time. Thus, the results provided better understanding about the stability of pDA/PEI

rsc.li/rsc-advances

Introduction

Polydopamine (pDA) coating inspired by mussels is a simple,
universal and material-independent surface modification used
to regulate the properties of virtually all material surfaces,
avoiding one-to-one, complicated steps for surface modifica-
tion,* and could provide a platform for secondary grafting.>*
Although pDA coatings can be tethered with molecules con-
taining amine (-NH,) and thiol (-SH) groups through the
Michael-type addition reactions and/or Schiff-base formations
in Tris solutions of pH = 8.5,*° pDA coatings are unstable under
some harsh conditions, especially in strong alkaline solutions
and organic solvents (e.g., polar solvents), which has limited
their practical application in secondary grafting and others.*” It
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coatings and efficiency of heparin grafting.

was reported that the detachment percentage of a pDA coating
on polypropylene (PP), polyvinylidene fluoride (PVDF) and
nylon in 0.1 M NaOH was higher than that in 0.1 M HCL"
Therefore, it is necessary to improve the chemical stability of
pDA coatings for a variety of reactions, and this is a prerequisite
for pDA coatings as a platform for secondary grafting. On the
other hand, the reactive functional groups on pDA coatings
when used as secondary graft coatings are equally important for
efficient grafting. However, the amino groups available for
secondary grafting are consumed due to the cyclization reaction
of dopamine during the self-polymerization process, which
results in insufficient reactive functional groups on the pDA
coating for secondary grafting.""** Thus, it is important to
retain as many functional groups as possible for secondary
grafting while improving the stability of polydopamine (pDA)
coatings.

There has been some research devoted to improving the
stability of polydopamine coatings. Increasing the oxidation of
polydopamine could increase covalent interaction to enhance
the stability of pDA coatings via oxidizing agents (e.g., NalO,4,"*
(NH,4),S,0g," CuSO,/H,0, (ref. 16) and so on), electrochemical
actuation’ or plasma treatment."” Although the further oxidative
polymerization of PDA could enhance the stability of a pDA
coating, oxidation would promotes the cyclization reaction of
primary amino groups,” which is not conducive to secondary
grafting on the surface. A better way to introduce a polymer with
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amino groups into polydopamine might be through cross-
linking, for example 1,6-hexanediamine, zwitterionic poly-
mers, polyethyleneimine and so on.**>! Polyethyleneimine (PEI)
is a well-known cationic polyelectrolyte with rich primary,
secondary and tertiary amino groups on its macromolecular
chains.” It was reported that PEI could react with pDA in Tris
buffer (pH = 8.5) through Michael addition or Schiff base
reaction to form a pDA/PEI coating, which might enhance the
stability of the pDA coating.”* In addition, due to the rich
primary, secondary and tertiary amino groups of macromolec-
ular PEI, PEI co-deposited with pDA might provide the rich
amino groups on the surface for secondary modification, such
as heparin grafting.

Heparin, a common anticoagulant, is used widely in blood-
contact materials and equipment to prevent coagulation.**?*
The immobilization of heparin on various materials could
improve blood compatibility and reduce the amount of heparin
injected,>?® in which the grafting density and activity of
heparin play key roles.>** PEI with rich amino groups could
enhance the grafting amount of heparin. Liu et al.** used PEI
(1300 Da) co-deposited with catechol (CA) to obtain a CA/PEI
coating with rich amino groups for heparin modification.
However, different molecular weight PEI has different chain
lengths and chain mobilities, which could cause various effects
on the co-deposition and adsorption performance,* and not
much attention has been paid to the effect of PEI molecular
weight on the secondary grafting of heparin on pDA/PEI coat-
ings and its anticoagulation ability.

In this work, PEI was co-deposited with dopamine on poly-
propylene (PP), polytetrafluoroethylene (PTFE) and polyvinyl
chloride (PVC), then immersed in a 1.0 M HCI solution and
1.0 M NaOH solution to investigate the stability of the coatings.
The detachment of the coatings was detected using SEM, UV-vis
spectrometry and water contact angle measurement, and the
remaining coatings were evaluated using FT-IR spectroscopy
and XPS. The effects of the amount of PEI added, the pH value,
buffer solution and PEI molecular weight of the eluent on the
detachment of the coatings were also investigated. Finally, the
effects of PEI molecular weight on the secondary grafting of
heparin on pDA/PEI coatings and its anticoagulation ability
were evaluated through clotting time tests.

Materials and methods
Materials

Dopamine hydrochloride and polyethyleneimine (M, =
600 Da, 1800 Da, 10000 Da and 70000 Da) were purchased
from Aladdin (China). Sodium hydroxide (NaOH), hydro-
chloric acid (HCl, 38%) and ethanol were obtained from
Chuandong Chemical Industry Co., Ltd (China). Tris-
(hydroxymethyl)aminomethane (Tris) and heparin (=160 U
mg ') were purchased from Beijing Solarbio Science & Tech-
nology Co., Ltd (China). Polypropylene (PP, 0.22 um)
membrane and Polytetrafluoroethylene (PTFE, 0.22 pm)
membrane were provided by Shanghai Xinya Purification
Device Factory. A polyvinyl chloride (PVC) sheet was obtained
from Shandong Jintiancheng Plastic Products Co., Ltd. 1-(3-
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Dimethylaminopropyl)-3-ethylcarbodiimide (EDC), N-
hydroxysuccinimide (NHS) and toluidine blue (TB) were
purchased from Sigma-Aldrich Co., Ltd

Preparation of pDA/PEI coatings on substrates

PP membrane, PTFE membrane and PVC sheet were soaked in
ethanol for 10 min and washed with distilled water 3 times. The
washed PP, PTFE and PVC were immersed in a 2 mg mL ™' DA/PEI
solution (molecular weight of PEI = 600 Da) with a mass ratio of
1:1 in Tris-HCl buffer solution (50 mM, pH = 8.5) in a vessel with
a diameter of 35 mm, and shaken at 25 °C for 24 h with moni-
toring of oxygen levels during the first 900 s using a dissolved
oxygen meter (JPSJ-605F, INESA Scientific instrument CO., Ltd,
Shanghai). The obtained samples were named PP-DA/PEI, PTFE-
DA/PEI and PVC-DA/PEL At the same time, PP, PTFE and PVC
were immersed in a 2 mg mL ™" DA solution in Tris buffer (50 mM,
pH = 8.5) for 24 h and named PP-DA, PTFE-DA and PVC-DA.

In order to investigate the effect of PEI mass proportion on
the stability of pDA/PEI, the PEI concentration was varied from
0 to 8 mg mL™ " and the DA concentration was fixed at 2 mg
mL ™! with DA/PEI ratios of 8:1,4:1,2:1,1:1,1:2 and 1:4.

In order to investigate the effect of molecular weight of PEI
on deposition and stability, PP membranes were co-deposited
with 600 Da, 1800 Da, 10000 Da and 70000 Da PEI (2 mg
mL~") and DA (2 mg mL™") in Tris buffer (50 mM, pH = 8.5) for
24 h, and named PP-D/P600, PP-D/P1800, PP-D/P10000 and PP-
D/P70000.

Finally, the modified samples were washed with ethanol and
distilled water 3 times respectively, and dried in an oven at 50 °C.
The deposition density (DD) of the coatings on the substrate
materials was calculated according to the following formula:

DD = (m; — my)/S

where m, and m, are the mass of the substrate material before
and after deposition (mg), and S is the area of the substrate
material. The mass of the substrate material before and after
deposition was measured by an electronic analytical balance
(BSA124S, Satorius, Germany).

Evaluation of the stability of coatings on a surface

PP membrane, PTFE membrane and PVC sheet deposited with
pDA and pDA/PEI were washed with a 1.0 M HCI solution or
1.0 M NaOH solution for 2 h, and the elution was monitored
with a UV-visible spectrophotometer (Nanodrop One, Thermo
Scientific, US). Then, the eluent was replaced with a 1.0 M HCI
solution or 1.0 M NaOH solution every 2 h, and the absorbance
of the eluent was detected at 280 nm.

To investigate the effect of PEI mass proportion on the
stability of pDA/PEI, different ratios of DA/PEI (8:1,4:1,2:1,
1:1,1:2and 1:4)were immersed in 1.0 M HCl or 1.0 M NaOH
solutions for 2 h respectively. pDA-modified samples were used
for comparison.

The effect of different pH solutions on the stability of pDA/
PEI coatings was studied by washing with NaOH or HCI

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solutions with different pH (1, 2, 4, 6, 8, 10, 12, and 14). pDA-
modified samples were used for comparison.

In order to investigate the stability of the coating in buffer
solutions with different pH, 50 mM citrate buffer (pH = 3, 4, 5),
phosphate buffer (pH = 6, 7, 8), Tris buffer (pH = 9) and sodium
bicarbonate buffer (pH = 10, 11) solutions were prepared, and
1/2 PP membranes or modified-PP membranes were immersed
respectively into 0.5 mL of the above buffer solutions with
different pH (3, 4, 5, 6, 7, 8,9, 10, and 11) for 2 h. The eluent was
measured using a UV-vis spectrophotometer (Nanodrop One,
Thermo Scientific, US).

Surface heparinization

PP-D/P600, PP-D/P1800, PP-D/P10000 and PP-D/P70000 were
immersed in citric acid buffer (pH = 4.7, EDC/NHS molar ratio
=1:1 containing 5 mg mL " heparin) respectively and shaken
at 37 °C for 24 h. After the reaction was completed, samples
were washed with PBS buffer (0.01 M, pH = 7.4), a 4 M NaCl
solution and deionized water 3 times in turn, and dried at 50 °C
to obtain PP-D/P600-H, PP-D/P1800-H, PP-D/P10000-H and PP-
D/P70000-H.

The amount of heparin immobilized on the surfaces was
quantified by TB assay as described in a previous study.*
Samples were immersed in 0.5 mL of 0.01 M HC/0.2% NacCl
aqueous solution containing 0.005% TB with shaking at 37 °C
for 4 h, and rinsed three times with 0.01 M HCI/0.2% NacCl
aqueous solution and deionized water, respectively. Then, the
heparin-TB complexes on the surface were dissolved by 0.5 mL
of an 80% ethanol/0.1 M NaOH (v/v = 4/1) mixed solution, and
finally 150 pL was added to a 96-well plate to be measured at
540 nm by a microplate reader (Multiskan FC, Thermo Scien-
tific, US). The heparin grafting density could be obtained from
a standard curve.

Clotting time

Fresh blood containing sodium citrate as anticoagulant
(Vanticoagulant : Vblood = 1:9) was centrifuged at 3000 rpm for 10
min to obtain platelet-poor plasma (PPP). The sample was cut
into 1/8 and was immersed into 600 pL of PPP and incubated at
37 °C for 60 min. The values of APTT and TT were measured by
an automatic coagulation analyser (CA600, Sysmex Corporation,
Kobe, Japan).

Characterization

An attenuated total reflection infrared spectrometer (ATR-FTIR,
iN10, Thermo Scientific, US) was used to detect the structural
changes of samples. The probe material was germanium crystal,
and the wave number range was 4000-700 cm ' with a resolu-
tion of 8 cm™ " and number of scans of 64. X-ray photoelectron
spectroscopy (XPS) spectra were recorded using a spectrometer
(Escalab 250Xi, Thermo Scientific, US) with Al Ko excitation
radiation (hv = 1486.6 eV). The wettability of samples was
observed using a contact angle goniometer (MACT V6, GBX,
France) equipped with video capture functionality. Scanning
electron microscopy (SEM, EVO18, Zeiss, Germany and Gemini
SEM 300, ZEISS, Germany) was used to observe the morphology

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and perform EDS mapping, respectively. Atomic force micros-
copy (AFM, Bruker Dimension Icon, Germany) was used to
evaluate the surface roughness.

Statistical analysis

The data in the experimental results are expressed as mean +
standard deviation (mean + SD), and Student's ¢-test was used
for statistical analysis. p < 0.05 represents a significant differ-
ence in the data.

Results and discussion
The co-deposition of pDA/PEI coatings on substrates

The color of the substrate material changed greatly after
modification, as shown by the inset pictures of Fig. 1A. The
color of the PP membrane and PTFE membrane was white and
it changed to black after the deposition of the pDA coating,
while the color of the surface co-deposited with DA and PEI
became dark brown. The PVC sheet was colorless and trans-
parent. After deposition with pDA or pDA/PEI, the transparency
of PVC-DA and PVC-DA/PEI decreased slightly, and the color
became light grey and light brown, respectively. These results
indicated that PEI participated in the deposition process of
polymerization of DA, which changed the color of the pDA
coating. It could be observed from the SEM images (Fig. 1A) that
a large number of particles or aggregates appeared on the
surface when modified by pDA, but this was not observed on the
surface deposited by pDA/PEI, which presented wrinkles or
layers. It was reported that pDA could form aggregates and
deposit on the surface due to non-covalent bond interactions
between pDA molecules, such as 7-7 stacking and hydrogen
bonding, etc.,** while PEI covalently cross-linked with pDA
molecules to weaken the non-covalent interaction between pDA
molecules, thereby reducing the aggregation of pDA.** There
was no obvious difference in the pictures before and after the
coating process on PTFE membranes, which was due to the
morphology of PTFE membranes that affected the observation,
but the color change of PTFE and modified-PTFE implied the
different deposition of pDA and pDA/PEI coatings.**

In addition, the surface roughness before and after modifi-
cation was calculated using AFM with PVC as an example. It
could be seen from Fig. 1B that PVC-DA and PVC-DA/PEI had
a rougher surface as compared with the PVC. Correspondingly,
the root mean squared roughness (Ry) of PVC increased from
2.64 + 0.31 nm to 9.82 £ 1.12 nm after being coated with pDA,
and further increased to 22.45 £ 1.82 nm when modified with
pDA/PEI, which might be attributed to polymer particulates
grafted onto the surface.*

Then, the deposition density of the pDA/PEI coating on PP,
PTFE and PVC was investigated, as shown in Fig. 2A. The depo-
sition density of pDA/PEI on PP, PTFE and PVC was about 0.186,
0.222 and 0.028 mg cm™>, respectively, which demonstrated the
versatility of pDA/PEI coatings that could be deposited on
a variety of materials with different deposition densities. As
a comparison, the deposition density of pDA on PP, PTFE and
PVC was about 0.049, 0.114 and 0.010 mg cm™ >, respectively,

RSC Adv, 2022, 12, 35051-35063 | 35053
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Fig. 1
values of PVC, PVC-DA and PVC-DA/PEI.

which was lower than that of the pDA/PEI coatings on each
substrate due to the acceleration of the deposition process
caused by PEI addition.** At the same time, the wettability of the
material surface also changed after modification, as shown in
Fig. 2B. Compared with the pristine substrates, the water contact
angle of the materials was decreased after modification with the
PpDA coating and was further reduced when the pDA/PEI coatings
were deposited, which demonstrated that the introduction of PEI
could improve the hydrophilicity of pDA coatings.

The chemical functional groups of the substrates before and
after modification were characterized using ATR-FTIR. Sharp
peaks at 1203 cm " and 1149 cm ™" were observed in the spectra
of PTFE and modified PTFE (Fig. 2C), corresponding to the
stretching vibration peak of -CF,- in PTFE,*® which was the
characteristic absorption peak of PTFE. PTFE-DA and PTFE-DA/
PEI had a broad absorption peak in the range of 3000-

35054 | RSC Adv, 2022, 12, 35051-35063
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(A) SEM images (insets are the corresponding photographs) of PP, PTFE and PVC before and after the modification. (B) The AFM and Rq

3750 cm™ ', which was caused by the ~-OH, -NH- and -NH,
groups of pDA or PEL* Specifically, the new peaks at 1620 cm ™"
and 1592 cm ' in the PTFE-DA spectra were attributed to the
vibration peaks of the benzene ring skeleton in DA and the
stretching vibration peaks of N-H, which proved that pDA was
successfully deposited on the surface of PTFE. In addition,
a new absorption peak at 1658 cm™ " was observed in the spectra
of PTFE-DA/PEI, corresponding to the absorption peak of C=N
stretching vibration,*” which suggested that pDA/PEI coatings
were deposited successfully on PTFE, and PEI might be cross-
linked with DA through the Schiff base reaction.

The changes of the FTIR spectra of PP (Fig. 2D) were mostly
consistent with that of PTFE. The new peaks of PP-DA appeared
at about 1590-1630 cm ™" compared with PP, while those of PP-
DA/PEI appeared at 1670-1720 cm ™', suggesting the successful
deposition of pDA and pDA/PEI on the surface of PP. However,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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angle (n = 3) and (C—E) ATR-FTIR spectra of different samples, *o < 0.05 vs. pristine substrates, #p < 0.05 vs. substrates deposited with DA.

there was an absorption peak at about 1700 cm ™ in the spectra
of PVC due to the plasticizer in PVC (Fig. 2E), which overlapped
with the characteristic absorption peaks of the pDA and pDA/
PEI coatings. Although it was difficult to observe the differ-
ence in the spectra between PVC and modified-PVC due to the
low deposition density, the change of color and roughness
before and after modification confirmed the deposition of the
coating on PVC from the side (Fig. 1).*®

In order to better explain the interaction of DA and PEI, the
possible reaction process between DA and PEI is shown in
Fig. S1.f The polymerization process of pDA has been widely
studied by many research groups.*” There are many views, and
the recognized reaction mechanism is shown in Fig. S1.7 DA is
oxidized to dopamine quinone under alkaline conditions, and
then forms 5,6-dihydroxyindole (DHI) and other intermediates
through intermolecular cyclization, or stacks through non cova-
lent interactions such as -7 or hydrogen bonding.** The amino
groups of PEI can react with the catechol structure of dopamine.
Based on the above FTIR results, there were -NH- and C=N
absorption peaks in the FTIR spectra of the pDA/PEI coating. In
combination with previous studies,**" it was speculated that PEI
might be crosslinked with pDA through Michael addition and
Schiff base reaction (Fig. S11). Oxygen plays an important role in
the oxidative polymerization of dopamine. It was reported that
an increase of oxygen content could accelerate the polymeriza-
tion of dopamine.*” Moreover, it was found that the oxygen
content in the solution decreased faster after the addition of PEI
(in ambient air), as shown in Fig. S2, which confirmed that the
addition of PEI could accelerate the polymerization of dopamine,
consistent with the previous report. Therefore, we uniformly
selected a reaction vessel with a diameter of 35 mm in the
deposition experiment to reduce the influence of oxygen.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The detachment of coatings after elution

The addition of PEI increased the deposition of pDA coating, but
what effect would the addition of PEI have on the stability? Fig. 3
shows the SEM images of substrates deposited with pDA and
PDA/PEI coatings after elution with a 1.0 M HCl solution or 1.0 M
NaOH solution. The morphologies of the pDA and pDA/PEI
coated surfaces did not change significantly after elution with
the 1.0 M HCI solution (compared with Fig. 1A), indicating that
the pDA and pDA/PEI coatings could remain stable on substrates
under strong acid conditions. After elution with the 1.0 M NaOH
solution, the pDA-modified PP and PVC became smooth, and no
aggregated particles were observed, indicating that the pDA
coating completely detached under strong alkaline conditions,
resulting in nudity of the substrates. However, the morphology of
the pDA/PEI coating on PP and PVC did not change obviously
after being eluted with the 1.0 M NaOH solution, indicating that
the pDA/PEI coating was stable under strong alkaline conditions
compared with the pDA coating. Due to the special morphology
of PTFE, there was no obvious morphological change of PTFE-DA
and PTFE-DA/PEI before and after the elution. So, the cross-
section of PTFE and modified-PTFE was observed further, as
shown in Fig. 4. The cross section of the coating on the material
could not be well distinguished by SEM images, so the coating
retention was preliminarily evaluated by EDS mapping. After
elution with the 1.0 M HCl solution, the N and O signals of PTFE-
DA were still strong, while after washing with the 1.0 M NaOH
solution, the N and O signals for the surface of PTFE disappeared
and only the background signal could be recorded, indicating
that the pDA coating was not stable in the 1.0 M NaOH solution.
After the introduction of PEI, the distribution of N and O signals
was more uniform, and did not change obviously after elution
with the 1.0 M HCI or 1.0 M NaOH solutions, which

RSC Adv, 2022, 12, 35051-35063 | 35055
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Fig. 3 SEM images of modified PP, PTFE and PVC eluted with 1.0 M HCL (A) or 1.0 M NaOH solutions (B) for 24 h, magnification = 100 00x, scale

bar =2 pm.

demonstrated that the introduction of PEI could make the
coating more uniform, and make the pDA/PEI coating stable in
1.0 M HCI or 1.0 M NaOH solutions.

The eluent of the pDA/PEI and pDA coatings in 1.0 M HCI or
1.0 M NaOH solutions was measured using UV-vis absorbance
to evaluate the stability of the coatings on different substrates.
As shown in Fig. 5A, the absorbance of the eluent from all
modified samples washed with 1.0 M HCI or 1.0 M NaOH
solutions decreased rapidly to reach a threshold after the first
washing, indicating that detachment of the pDA and pDA/PEI
coatings mainly occurred in the first 2 h of elution. In addi-
tion, the absorbance of the eluent in the 1.0 M NaOH solution in
the initial 2 h was higher than that in 1.0 M HCI, suggesting that
the pDA/PEI coating and pDA coating were more stable in the
1.0 M HCI solution than the 1.0 M NaOH solution. Compared
with the pDA coating, the absorbance of the eluent from the
PDA/PEI coating immersed in the 1.0 M NaOH solution for 2 h
was lower, suggesting that the introduction of PEI enhanced the
stability of the pDA coating under strong acid conditions.

In addition, the absorbance of the coating deposited on
different substrates was different, which might be attributed to
the deposition amount of coating. Furthermore, the UV-vis
spectra of the eluent of pDA and pDA/PEI coatings on

35056 | RSC Adv, 2022, 12, 35051-35063

different substrates immersed in 1.0 M NaOH or 1.0 M HCl
solutions for 2 h were recorded. It could be seen from Fig. 5B
that the peak shape of the UV-vis spectra of pDA and pDA/PEI
coatings on the same substrate in the same solution were
basically the same. It was speculated that the detachment of
PDA/PEI coatings might be mainly due to the detachment of
pDA or DA monomers." However, the UV-vis spectra of the
eluent of the coatings on different substrates immersed in
a 1.0 M NaOH solution were different. The eluent of PP-DA and
PP-DA/PEI in the 1.0 M NaOH solution had an absorption peak
at about 280 nm, while the eluent of pDA and pDA/PEI coatings
on PTFE and PVC surfaces in the 1.0 M NaOH solution had an
absorption peak not only at ~280 nm, but also at 240 nm,
implying that the structural properties of different material
surfaces had different effects on the detachment of the coating.
Different substrate materials have different chemical composi-
tions, which might lead to different interactions with pDA, such
as hydrogen bonding, m-m stacking, etc.,**** resulting in
different structures or compositions of pDA on the surface, so
the absorbance of the eluent was different when the pDA
coating was decomposed in the 1.0 M NaOH solution.
Subsequently, the water contact angle of samples before and
after elution was measured to evaluate the hydrophilicity. It can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of a cross-setion and EDS mapping of samples: (A) PTFE, (B) PTFE-DA, (C) PTFE-DA eluted with a 1.0 M HCl solution, (D)
PTFE-DA eluted with a 1.0 M NaOH solution, (E) PTFE-DA/PEI, (F) PTFE-DA/PEI eluted with a 1.0 M HCl solution, and (G) PTFE-DA eluted with
a 1.0 M NaOH solution. Red = carbon, green = nitrogen, light blue = oxygen, purple = fluorine.
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Fig.5 (A) Absorbance at 280 nm of modified materials during cyclic elution (2 h/time) with 1.0 M HCl or 1.0 M NaOH solutions (n = 3). (B) UV-vis

spectra of the eluent of modified materials immersed in 1.0 M HCl or

be seen from Fig. 6 that the water contact angle and the color of
pDA or pDA/PEI modified-samples did not change obviously
after elution with the 1.0 M HCI solution, but the water contact
angle of pDA-modified samples increased significantly after

© 2022 The Author(s). Published by the Royal Society of Chemistry

1.0 M NaOH solutions for 2 h.

elution with the 1.0 M NaOH solution, and their color changed
from gray-black to white mainly due to the almost complete
detachment of the pDA coating in the 1.0 M NaOH solution,
leading to a reduction of hydrophilicity. Whereas, the pDA/PEI
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NaOH solutions for 24 h (n = 3), *p < 0.05 vs. materials without elution.

coatings showed almost no change in color or water contact
angle after the incorporation of PEI, which further confirmed
that the addition of PEI could increase the stability of the pDA
coating, and could maintain the hydrophilicity after elution
with the 1.0 M HCI or 1.0 M NaOH solutions.

The remaining ability of coatings after elution

In order to evaluate quantitatively the remaining ability of the
coatings on PTFE before and after elution, the peak area of the
FTIR spectra was measured and analyzed, as shown by the
dotted frame in Fig. S3A and B.T PTFE has characteristic peaks
at 1203 cm ™' and 1149 ecm ™ * corresponding to —~CF,~ groups,
whereas the signal of -CF, in the spectra is covered when
coatings are deposited on PTFE. Then, the remaining amount
could be reflected by the ratio of the characteristic peak area of
the coatings (C=N or C=C) and PTFE (-CF,-). The absorption
peak areas derived from the C=N/C=C group and the -CF,-
group were respectively defined as R, (1800-1400 cm™') and Ry
(1270-1050 em ™), and the ratio of R, and Ry was used to
evaluate the remaining amount of the coatings on the PTFE
surface.'” Table 1 shows the R,/Rg values of PTFE-DA and PTFE-
DA/PEI before and after elution with the 1.0 M HCl or 1.0 M
NaOH solutions. The R,/Rg values of PTFE-DA and PTFE-DA/PEI
were 0.197 and 0.384, respectively. Ry/Rg of the PTFE-DA/PEI
coating obtained using the FTIR spectra was higher than that
of PTFE-DA. On one hand, PEI stimulated deposition of the

Table 1 The coatings remaining on the PTFE surface calculated using
FTIR spectra (n = 3)

Ra/Ry

Eluted with Eluted with

Substrates As prepared 1.0 M HCI 1.0 M NaOH
PTFE-DA 0.197 £+ 0.018 0.128 £+ 0.027 0.050 £ 0.011
PTFE-DA/PEIL 0.384 £ 0.017 0.328 £ 0.026 0.293 £ 0.050

35058 | RSC Adv, 2022, 12, 35051-35063

coatings; on the other, it also increased the formation of Schiff
base structures (C=N) produced by the covalent cross-linking
of PEI and DA.

Although there was much difference in the remaining
amount of the pDA and pDA/PEI coatings, the remaining ability
of the coatings could be evaluated by the detachment rate, as
follows:

ry —ro

Detachment rate = x 100%

o

where r, and r; are the Ry/Rg of the coating on materials before
and after elution with the 1.0 M HCI solution or 1.0 M NaOH
solution.

After elution with the 1.0 M HCI or 1.0 M NaOH solution, the
remaining amount of all samples decreased, and the detach-
ment rate of PTFE-DA was 35.0% and 74.6%, respectively.
Whereas, the detachment rate of PTFE-DA/PEI was 14.6% and
23.7%, respectively, which was lower than that of the pDA
coating. The results demonstrated that pDA/PEI coatings were
still attached more to the PTFE after washing with the 1.0 M HCI
or 1.0 M NaOH solutions compared with the pDA coatings.

Furthermore, the chemical composition of the pDA or pDA/
PEI coatings after elution was characterized using XPS, as
shown in Fig. S3C and D.f The N 1s and O 1s peaks of PP-DA
were obviously weakened after washing with the 1.0 M NaOH
solution and did not change after washing with the 1.0 M HCI
solution, showing that PP-DA could not maintain its chemical
composition after elution with 1 M NaOH. After co-deposition
with DA and PEI, there was no obvious change in the spectra
after washing with 1.0 M HCI or 1.0 M NaOH solutions, indi-
cating that the pDA/PEI coating could retain its chemical
composition after washing in 0.1 M HCI and in 0.1 M NaOH.

Subsequently, Table S11 summarizes the contents of C, N
and O on PP-DA and PP-DA/PEI obtained from the XPS spectra.
The content of N and O on PP-DA after washing with the 1.0 M
NaOH solution decreased from 6.07% and 18.07% to 0.12% and
3.96%, respectively, in which the declining rate of N content was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic representation of interactions on the substrate surface with pDA and pDA/PEI coatings.

as high as 98.02%, indicating that the pDA coating was
completely detached, and this led to a sharp drop in the content
of amino groups and oxygen-containing functional groups.
Because the pDA coating on the substrates was extremely
unstable in the 1.0 M NaOH solution, this resulted in a large
amount of detachment. However, the N and O content on the
PP-DA/PEI surface remained at 7.73% and 11.54% after elution
with the 1.0 M NaOH solution, and the declining rate of N
content was only 26.59%, indicating that the pDA/PEI coating
could keep a stable presence of amino groups and oxygen-
containing functional groups under strong alkaline condi-
tions. In the 1.0 M HCI solution, the changing rate of element
content of the pDA and pDA/PEI coatings was within +1.0%,
demonstrating that the pDA and pDA/PEI coatings could
maintain the stable existence of surface amino and oxygen-
containing functional groups under strong acid conditions.

In summary, the pDA coating was extremely unstable after
elution with the 1.0 M NaOH solution and prone to detach from
substrates, which was consistent with previous reports.** The -
NH, or -OH groups of the pDA coating were positively or
negatively charged under strong acid or alkaline conditions.
When the electrostatic repulsion exceeded the non-covalent
interaction of the aggregates, the pDA coating composed of
oligomer detached from the substrates.'® After the addition of
PEI, PEI could covalently cross-link with pDA through Michael
addition and Schiff base reaction, as proven by the FTIR spectra
shown in Fig. 7. In addition, it was reported that cation-m
interaction in the pDA/PEI coating could enhance the stability
of the coating further.” Based on those interactions, the
introduction of PEI enhanced the chemical stability of the pDA
coating, and could maintain the stable content of amino groups
and oxygen-containing functional groups after the elution with
extremely acid or alkaline solutions, which was proven by the
XPS spectra (Table S17), providing a more stable and universal
platform for secondary grafting.

From the above results, it is clear that the addition of PEI
could improve the chemical stability of polydopamine coatings,
regardless of the type of base material. Among these substrates,
PP is one of the most common materials used in extracorporeal
circulation due to its inertness and high stability,*” for example
PP-based composite fibers or PP membrane used in blood

© 2022 The Author(s). Published by the Royal Society of Chemistry

purification,* and polypropylene (PP) membranes for blood

filtration, and it is necessary to improve the hemocompatibility
through secondary modification,*” which is the research focus
of our group. So, we selected PP membrane as a model substrate
to study the influencing factors in pDA/PEI coating stability and
heparin grafting further.

The stability of pDA/PEI coatings on PP membrane

The effects of ratio of DA/PEI and different solutions on the
stability of pDA/PEI coatings were studied. The effect of PEI
addition amount on the stability of the coatings was investi-
gated further. Fig. 8A shows the absorbance at 280 nm of the
eluent from pDA/PEI coatings with different mass ratios of DA
and PEI soaked in a 1.0 M HCl solution or 1.0 M NaOH solution.
The absorbance of the coating gradually decreased with the
increase of PEI amount in the 1.0 M NaOH solution, which was
attributed to an increase of the cross-linking between DA and
PEI with the increased amount of PEI, indicating that PEI
played an important role in the stability of pDA/PEI coatings.
Besides, it was found from Fig. 8B that the deposition density of
the pDA/PEI coatings with different amounts of PEI was
different. When the mass ratio of DA/PEI was 1: 1, the deposi-
tion density of the coating was maximum. This indicated that
detachment of the coating was mainly due to the increase of
cross-linking and cationic-m interaction with the increase of
PEI amount when the DA/PEI mass ratio was greater than 1:1,
but when the amount of PEI exceeded that of DA, the decreased
detachment of the coating was mainly caused by the decline of
deposition density. Therefore, the mass ratio of DA/PEI should
be fixed at 2:1-1:1 in order to make the coating more stable.

The stability of pDA/PEI coatings in strong acid or alkaline
solutions has been studied, but the stability under other
commonly used pH conditions remains unclear. Fig. 8C shows
the absorbance at 280 nm of the eluents of PP-DA and PP-DA/
PEI immersed in 1.0 M NaOH or HCI solutions with different
pH values. It can be seen that the closer the pH of the solution is
to neutral, the lower the absorbance of the eluent, indicating
that the neutral solution was more conducive to stability of the
pDA and pDA/PEI coatings on substrates. Specifically, the
absorbance of the eluent of PP-DA was lower than 0.15 in the

RSC Adv, 2022, 12, 35051-35063 | 35059
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Fig. 8
NaOH solutions for 2 h. (B) The deposition density of DA/PEI coatings

(A) Absorbance at 280 nm of the eluent of PP-DA and PP-DA/PEI with different mass ratios of DA/PEI immersed in 1.0 M HCl or 1.0 M

with different mass ratios of DA/PEI. (C) Absorbance at 280 nm of the

eluent of PP-DA and PP-DA/PEl immersed in agueous solutions with different pH for 2 h, *p < 0.05. (D) Absorbance at 280 nm of the eluent of
PP-DA and PP-DA/PEl immersed in 50 mM buffer solutions with different pH for 2 h: citrate buffer (pH = 3, 4, 5), phosphate buffer (pH =6, 7, 8),
Tris buffer (pH = 9) and sodium bicarbonate buffer (pH = 10, 11) solution, *p < 0.05. And the absorbance at 280 nm of the eluent of different
molecular weight PEI co-deposited with DA on PP immersed in 1.0 M HCL (E) or 1.0 M NaOH (F) solutions for 2 h. n = 3.

range of pH 4-8, and the absorbance of the eluent of PP-DA/PEI
was lower than 0.16 in the range of pH 4-10, indicating that the
PDA/PEI coating could remain stable in solutions with a wider
pH range. Besides, the process of secondary grafting is per-
formed with different buffer solutions, so the stability of the
coatings immersed in different buffer solutions was investi-
gated, as shown in Fig. 8D. It can be seen that there was no
significant difference in the absorbance of eluent from PP-DA/
PEI and PP-DA in the range of pH 3-8, and the absorbance of
the eluent of PP-DA/PEI was significantly lower than that of PP-
DA when pH = 9, 10, and 11 of the buffer solution, indicating
that the stability of pDA and PDA/PEI coatings immersed in
different pH buffer solutions was mainly affected by the pH of
the buffer solution, not the type of buffer solution, and the
introduction of PEI could enhance the stability of pDA coatings
in buffer solutions when pH = 9, 10, and 11. In addition, the
stability of coatings in DMSO was investigated. It can be
observed from Fig. S47 that the UV-vis spectra of pDA/PEI in
DMSO were below that of the pDA coatings, suggesting that the
PDA/PEI coating was more stable in DMSO than the pDA
coating. In short, the pDA/PEI coatings were stable over a wider
range of pH than the pDA coatings and in a variety of solvents,
which expands the application of surface modification for
secondary grafting.

In the course of this experiment and according to previous
reports, we also know that the molecular weight of PEI has an
influence on the deposition density of DA/PEI coatings.*® The
deposition density of the pDA/PEI coating was decreased with
the increase of molecular weight of PEI (Fig. S5f), and,
accordingly, the N and O contents gradually decreased (Fig. S6A

35060 | RSC Adv, 2022, 12, 35051-35063

and Table S27). These results are consistent with a previous
report. Interestingly, the high-resolution C 1s spectra of the co-
deposited coatings with different molecular weights of PEI
(Fig. S6Bt) revealed that the percentage of C=0/C=N content
that is mainly responsible for coating adhesion and cross-
linking to form a stable structure gradually decreased with the
increase of the molecular weight of PEI, implying that the
number of adhesion sites of pDA and cross-linking sites was
decreased with the increment of PEI molecular weight. Besides,
the percentage of C=0/C=N content was also decreased with
the increase of PEI molecular weight, while the C content
gradually increased, indicating that deposition of the pDA/PEI
coating was decreased with the increase of PEI molecular
weight, leading to exposure of the PP surface. These results
confirmed that lower molecular weight PEI was more favorable
for co-deposition with DA, where pDA adhesion sites and the
formation of Schiff base structures played important roles in
the process of co-deposition.

Subsequently, the stability of a coating is important for
secondary modification. Fig. 8E and F show the absorbance at
280 nm of the eluent from the pDA/PEI coating with different
molecular weight PEI eluted with 1.0 M HCI and 1.0 M NaOH
solutions. No matter whether under alkaline or acidic condi-
tions, the absorbance of the eluent decreases with the increase
of the molecular weight of PEI, and the absorbance of the PP-D/
P70000 eluent was almost 0, indicating that detachment of the
coating was gradually reduced with the increase of the molec-
ular weight of PEI. This was mainly due to the decrease of
deposition density.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Evaluation of heparin grafting efficiency on the coating

It is necessary to improve the blood compatibility of PP when
used as a blood-contact material, and heparinization on a stable
secondary graft coating is a common strategy.>® The graft effi-
ciency of heparin largely determines the improvement of blood
compatibility. Although the detachment of the pDA/PEI coating
was decreased with the increase of molecular weight, the
deposition density was also decreased, which would affect the
graft efficiency of heparin. So, the grafting density of heparin on
the pDA/PEI coating with different molecular weights of PEI was
determined by the TB method, as shown in Fig. 9A. Compared
with PP-DA-H, the heparin grafting density of PP-D/P600-H and
PP-D/P1800-H was increased, and was 26.97 ng cm™ > and 15.25
ng cm 2, respectively, indicating that PEI (600 and 1800 Da) co-
deposited with DA could improve the heparin grafting amount
on the surface of pDA coatings, which was attributed to the
introduction of PEI that could increase the content of amino
groups. The heparin grafting density was lower than that of
a previous report of Liu et al.,, which was attributed to the
different methods used for measuring heparin density. Liu et al.
used the quartz crystal microbalance-dissipation technique to
monitor the heparin density,* and we used the TB method to
evaluate the heparin density through electrostatic interaction.
But our research was focused on the PEI molecular weight effect
on heparin grafting, and PEI with different molecular weights
deposited with DA showed different heparin grafting densities,
which could uncover the optimum PEI molecular weight for
heparin grafting.
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When the molecular weight of PEI was increased to 10
000 Da and 70 000 Da, although the N content was still larger
than that of the DA coating, the heparin grafting density of PP-
D/P10000-H and PP-D/P70000-H was not as high as that of PP-
DA-H. The main reason for this was that the increase of
molecular weight of PEI reduced the deposition density of the
PDA/PEI coating and reduced the number of reaction sites of
primary amino groups, resulting in a reduction of heparin
grafting. Overall, the co-deposition of the pDA/PEI coating with
lower molecular weight PEI could increase the amount of
heparin grafted on the surface, but the grafted amount of
heparin was gradually decreased with the increase of molecular
weight of PEL

The anticoagulant activity of heparin is usually monitored by
measuring the coagulation time (TT) and activated partial
thrombin time (APTT) of plasma. Therefore, the anticoagulant
activity of the heparinized coated surface was investigated by
detecting changes in APTT and TT. Fig. 9B shows the TT and
APTT of the pDA and pDA/PEI coatings. The TT and APTT of
plasma (control group) were 14.8 s and 32.4 s, respectively,
while the TT and APTT of PP-DA and PP-DA/PEI did not change
significantly, indicating that PP-DA, PP-D/P600, PP-D/P1800, PP-
D/P10000 and PP-D/P70000 had no obvious inhibitory effect on
the occurrence of coagulation. After grafting heparin on the
coated surface (Fig. 9C and D), the TT and APTT in each group
were significantly prolonged, indicating that the heparinized
coated surface had an anticoagulant effect. Compared with PP-
DA-H, the TT and APTT of PP-D/P600-H, PP-D/P1800-H and PP-
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Fig. 9

(A) Grafting density of heparin on different coatings (n = 3), *p < 0.05 vs. PP-DA-H. (B) The TT and APTT of PP-DA and PP-DA/PEI with

different molecular weights of PEl (n = 3). The TT (C) and APTT (D) of heparinized coatings (n = 3). *p < 0.05 vs. control, #p < 0.05 vs. PP.
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D/P10000-H were prolonged, indicating that the introduction of
PEI could enhance the anticoagulant ability of heparinized
coatings due to the greater heparin grafting and the effect of
spacers. However, the clotting time gradually decreased with
the increase of molecular weight, which was attributed to the
decrease of the grafting amount of heparin with the increase of
molecular weight. These results suggested that PEI and DA co-
deposited coatings could form heparinized coatings with
better anticoagulant activity (compared with pDA), but the
anticoagulant activity of the heparinized coatings was affected
by the molecular weight of PEL. pDA co-deposited with lower
molecular weight PEI was able to form an anticoagulant surface
through grafting heparin.

Conclusions

In this study, we investigated the detachment and stability of
pDA coatings and pDA/PEI coatings deposited on various
materials (PP, PTFE and PVC). It was known by comparing pDA
coatings that the introduction of PEI increased the chemical
stability of the pDA coating on different substrate materials,
especially enhancing stability in 1.0 M NaOH solutions. And the
hydrophilicity of pDA/PEI was retained more effectively than
that of the pDA coatings after elution with a 1.0 M NaOH
solution. Furthermore, the detachment rates of pDA/PEI coat-
ings deposited on PTFE in 1.0 M HCl or 1.0 M NaOH solutions
(14.6%, 23.7%) were both lower than that of the pDA coating
(35.0%, 74.6%). And pDA/PEI could maintain more stable
amino and oxygen-containing group contents than pDA coat-
ings after elution with a 1.0 M HCI solution or 1.0 M NaOH
solution. Then, PP membrane was used to investigate the effects
of amount of PEI, pH of solution, type of buffer and molecular
weight of PEI on the stability of pDA/PEI coatings. It was found
that pDA/PEI coatings with both a higher deposition density
and better stability could be obtained when the mass ratio of
DA/PEI was 2:1-1:1 and the molecular weight of PEI was 600
Da. And detachment of pDA/PEI was decreased with the incre-
ment of molecular weight of PEI due to the decline of deposi-
tion density. Furthermore, PP-DA/PEI with a lower molecular
weight could achieve a higher heparin grafting density with
better anticoagulation. Thus, the study provided more under-
standing about the stability of pDA/PEI coatings for efficient
secondary modification.
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