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 In Vitro Platelet Adhesion of PNaAMPS/PAAm 
and PNaAMPS/PDMAAm Double-Network 
Hydrogels  
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 Nowadays, tough double-network (DN) hydrogels have attracted great attention owing to 
their excellent mechanical properties and good biocompatibility, which give them the poten-
tial to be used as blood-contacting soft tissue prostheses and medical devices. However, the 
study of platelet adhesion behavior on the surface of DN hydrogels has not been reported 
yet. In this work, the human platelet adhesion on the surface of poly (sodium 2-acryla-
mido-2-methyl-propanesulfonate) PNaAMPS/poly acrylamide (PAAm) and PNaAMPS/poly 
( N , N′ -dimethylacrylamide) (PDMAAm) DN hydrogels is investi-
gated under static conditions in vitro. The numbers of adherent 
platelets on PNaAMPS/PAAm and PNaAMPS/PDMAAm hydro-
gels are 16 ± 7 and 9 ± 8 cells per 10 4  μm 2 , respectively, which 
are far less than 297 ± 41 cells per 10 4  μm 2  on polyethylene 
terephthalate (PET) and 187 ± 26 cells per 10 4  μm 2  on nega-
tively charged PNaAMPS (4 mol%) hydrogel. The results indi-
cate the excellent antiplatelet performance of DN hydrogels. 
Moreover, the platelet adhesion mechanism is also discussed. 
The platelet adhesion is affected by the chemical component, 
zeta potential, and serum proteins adsorption of the hydrogel.  
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  1.     Introduction 

 Hydrogel is a kind of soft materials with large amount of 
water in their shape-retentive 3D network, [ 1,2 ]  which has 
been widely used in biomedical fi elds, [ 3 ]  such as tissue 

engineering, [ 4 ]  drug delivery, [ 5 ]  medical device, [ 6 ]  and bio-
sensor. [ 7 ]  However, because of the brittleness and frag-
ileness, traditional hydrogels are not competent to the 
applications requiring high mechanical performance. 
In the past decade, a series of tough hydrogels including 
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topological hydrogel, [ 8 ]  nanocomposite hydrogel, [ 9,10 ]  
interpenetrating network, [ 11 ]  and double-network (DN) 
hydrogel [ 12–18 ]  has been developed. These tough hydrogels 
start a new application era of soft materials. 

 Among various tough hydrogels, DN hydrogels consist 
of two kinds of independent single network, [ 14 ]  a brittle 
network plays as the sacrifi cial bonds and reduce stress 
concentration, and a soft, long-chain neutral network, poly 
acrylamide (PAAm) or poly ( N , N′ -dimethylacrylamide) 
(PDMAAm), serves as a role of bearing large deforma-
tion and stress. The mechanical properties of the DN 
hydrogels can be tuned by using different monomers or 
polymers, adjusting cross-linking concentrations and 
controlling gelation conditions. The mechanical perfor-
mance of DN hydrogels can be tuned in a wide range, 
such as Young's modulus (0.1–1.0 MPa) and mechanical 
strength (failure compressive stress (20–60 MPa), failure 
compressive strain (90%–95%), failure tensile stress 
(1–10 MPa), and failure tensile strain (1000%–2000%), 
as well as tearing fracture energy (100–1000 J m 2 )). [ 12 ]  
Besides the great mechanical performance, DN hydrogels 
also have a lot of superior properties, such as good bio-
compatibility, [ 19–22 ]  excellent histocompatibility, [ 21,23 ]  low 
sliding friction, [ 22,24 ]  and excellent wear resistance. [ 22,25 ]  
Therefore, DN hydrogels have a great potential to be used 
as blood-contacting biomaterials (e.g., blood vessel, heart 
valve), as well as medical devices of minimally invasive 
interventions (catheter, stent). For those purpose, it is 
vital to study platelet adhesion of DN hydrogels, which 
however has not been explored yet. 

 The anionic sodium 2-acrylamido-2-methyl-propane-
sulfonate (NaAMPS) as well as the nonionic acrylamide 
(AAm) and  N , N′ -dimethylacrylamide (DMAAm) was 
chosen as the monomers for poly (sodium 2-acryla-
mido-2-methyl-propanesulfonate) (PNaAMPS/PAAm 
and PNaAMPS/PDMAAm DN hydrogels, respectively. In 
comparison with DN hydrogels, the mechanical prop-
erties of PAAm and PDMAAm are too weak for biomed-
ical application. Thus, the DN hydrogels are the main 
object of platelet adhesion study. To understanding the 
platelet adhesion mechanism of PNaAMPS/PAAm and 
PNaAMPS/PDMAAm DN hydrogels, it is necessary to 
study the platelet adhesion behavior of their compo-
nents, i.e., the neutral networks (PAAm and PDMAAm) 
and negatively charged network (PNaAMPS). The platelet 
adhesion of these two kinds of DN hydrogels as well as 
PNaAMPS, PAAm, and DMAAm hydrogel has been evalu-
ated under static conditions   in vitro. The platelet adhe-
sion behavior of those hydrogels was evaluated in terms 
of the platelet number and morphology. The numbers of 
adherent platelet on PNaAMPS/PAAm and PNaAMPS/
PDMAAm hydrogels were 16 ± 7 and 9 ± 8 cells per 10 4 

 μm 2 , respectively. They were far less than the number 
of adherent platelet on polyethylene terephthalate (PET) 

(297 ± 41 cells per 10 4  μm 2 ), which is a widely used blood-
contacting biomaterial. [ 26–28 ]  Through the further inves-
tigations of the platelet adhesion mechanism, we found 
that the chemical components, zeta potential, and pro-
tein adsorption were the main infl uence factors on hydro-
gels platelet adhesion behavior.  

  2.     Experimental Section 

  2.1.     Materials 

 Negatively charged monomer, i.e., 2-acrylamido-2-methyl-1-
propanesulfonic acid sodium (NaAMPS) was prepared 
as previously reported. [ 29 ]  Neutral monomers, i.e.,  N , N′ -
dimethylacrylamide (DMAAm) (Tokyo Kasei Kogyo, Tokyo, 
Japan) and acrylamide (AAm) (Junsei chemicals, Tokyo, 
Japan), as well as the initiator, 2-oxoglutaric acid (Wako Pure 
Chemicals, Osaka, Japan), and the cross-linking agent,  N , N′ -
methylenebis-(acrylamide) (MBAA) (Tokyo Kasei Kogyo, Tokyo, 
Japan) were used as purchased.  

  2.2.     Hydrogel Preparation 

 Sheet-shaped DN hydrogels, PNaAMPS/PDMAAm and PNaAMPS/
PAAm, were synthesized by free radical poly merization. [ 12 ]  
Briefl y, as-prepared 4 mol% PNaAMPS sheet was immersed 
in the monomer aqueous solution containing 3 mol L −1  
neutral monomer (DMAAm or AAm) and 0.1 mol% initiator 
(2-oxoglutaric acid) for 2 d at room temperature. The DN hydro-
gels were synthesized by UV irradiation (6 h) of the immersed 
PNaAMPS hydrogel, which had absorbed a large amount of neu-
tral monomer in its polymer network. Single-network hydrogels 
of PNaAMPS, PAAm, and PDMAAm with different cross-linking 
concentration (the molar percent of cross-linker, MBAA, in relative 
to the monomer used in gelation) were also prepared as the con-
trol. [ 30 ]  Then phosphate buffer solution (PBS)-equilibrated hydro-
gels were prepared by leaving the hydrogels in ion-exchanged 
water for 4 d and PBS for 3 d sequentially to extract residual chem-
icals that did not react during the gelation process. The chemical 
structure and photographs of the PBS-equilibrated single-network 
hydrogels and DN hydrogels are shown in Scheme  1 . 

    2.3.     Hydrogel Characterization 

 In order to evaluate the properties of hydrogel under physiological 
conditions (pH 7.4, ionic strength 0.15  M ), all hydrogels used for char-
acterizations were prepared by immersing PBS-equilibrated hydro-
gels in fetal bovine serum (FBS)-free culture medium (Medium 199, 
Sigma–Aldrich) for 24 h. [ 31 ]  Before testing, the FBS-free hydrogels 
were sterilized by autoclaving (120 °C, 20 min). 

  2.3.1.     Swelling Degree 

 The swelling degree ( q ) of hydrogels was quantifi ed as the weight 
ratio of the swollen state ( W s) of the hydrogel to that of the dry 
state ( W  d ), i.e.,  q  =  W s/ W  d . Each value was averaged over at least 
three parallel samples.  
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  2.3.2.     Mechanical Properties 

 The mechanical properties including Young’s modulus ( E ), frac-
ture stress (σ), and fracture strain (λ) of hydrogels were tested 
by compressive stress–strain measurements using a tensile-
compressive tester (CMT6503, MTS, USA). The hydrogel samples 
(15 mm diameter, ≈2 mm thickness) were compressed at a strain 
rate of 10% min −1  at room temperature.  E  was determined by 
fi tting the initial slopes of stress–strain curves in the range of 
0.05 to 0.1 of strain ratio, [ 32 ]  while σ and λ were deter-
mined as the stress and strain at the critical frac-
ture points. Each value was averaged over 3–5 parallel 
samples.  

  2.3.3.     Zeta Potential Measurement of Gels 

 The zeta potential  (ζ)  of single-network hydrogels was deter-
mined by using hydrogel particles. [ 29 ]  Briefl y, the electrophoretic 
mobility of the hydrogel particles (≈1 μm radius) dispersed in 
FBS-free medium was measured using Rank Mark II microelec-
trophoresis apparatus (Rank Brothers, Cambridge, England). The 
zeta potential was calculated using the Smoluchowski equation. 
For statistical purpose, the data for each hydrogel were recorded 
from 90 readings at least.   

  2.4.     Platelet Adhesive Test 

 In order to check the effect of FBS on platelet 
adhesion, FBS-free hydrogels and FBS-equil-
ibrated hydrogels (prepared by immersing 
sterilized FBS-free hydrogels in 1 mL 20% FBS 
(Invitrogen, Carlsbad, CA, USA) culture medium 
for 24 h) were used for platelet adhesive test. 
Human whole blood was donated from healthy 
volunteers and the procedure of platelet adhe-
sive test in static conditions was the same as 
our previous studies. [ 29 ]  Fresh blood obtained 
from healthy volunteers was mixed with a 
3.8% sodium citrate solution in order to inhibit 
spontaneous coagulation (blood was collected 
following written informed consent from each 
volunteer in The Third Affi liated Hospital of 
Xi’an Jiaotong University with the help of pro-
fessional staffs; the experimental use of human 
blood was approved by institutional ethics 
review boards). Platelet-rich plasma (PRP) and 
platelet-poor plasma (PPP) were obtained by 
centrifuging fresh blood at 1200 rpm for 5 min 
and 3500 rpm for 10 min at room tempera-
ture, respectively. PRP and PPP collection were 
performed within 2 h to avoid the change of 
properties of fresh blood. The platelet con-
centration was determined by hemocytom-
eter under OLYMPUS IX 71 phase contrast 
microscope (Olympus, Tokyo, Japan) equipped 
with a digital camera using 20× objective. 
1 × 10 5  cells μL −1  platelet suspension was pre-
pared by mixing PRP and PPP. Then 200 μL 
platelet suspension containing 2 × 10 7  cells 
was dropped on each disk-shaped samples 
(15 mm in diameter), i.e., single-network 

hydrogels and DN hydrogels, as well as PET used as a posi-
tive control. The platelet-loaded samples were incubated for 2 
h at 37 °C in a humidifi ed atmosphere of 5% CO 2 . After rinsing 
off weakly adherent platelets on the sample surface by PBS 
(pH 7.4) for three times, the platelets adhered on the sample 
surface were fi xed by 2.5 v/v% glutaraldehyde in PBS for 
2 h at 37 °C. The fi xed samples were further rinsed with PBS, 50% 
PBS and ion-exchanged water, respectively, to wash out glutaralde-
hyde and salts contained in PBS. 

 The morphology and number of adherent platelets were 
checked using scanning electron microscopy (SEM) (JEOL JSM-
700P) after the secondary freeze-drying operation. [ 29 ]  The dehy-
dration process, which was automatically controlled by the 
temperature control program, was as follow: after the samples 
were frozen at −20 °C for 2 h in the chamber of vacuum freeze-
drying oven (PowerDry LL1500, Thermo, USA), the frozen sam-
ples were subsequently dehydrated at −10 °C for 3 h and 25 °C 
for 4 h. The vacuum was higher than 100 mTorr during the 
freeze-drying run. The statistical density of adherent platelet 
was calculated from the number of adherent platelets on the 
representative area of the tested hydrogel surfaces (center 
point and the four symmetric points located ≈5 mm from the 
center point) over four independent experiments. Scheme  2  
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 Scheme 1.    Synthesis of double- (or single) network hydrogels. A) PNaAMPS hydrogel, 
B) PAAm hydrogel, C) PDMAAm hydrogels. The single-network hydrogels and DN 
hydrogels equilibrated in PBS and after high temperature sterilization were illustrated 
with photographs of D) PNaAMPS, E) PAAm, F) PDMAAm, G) PNaAMPS/PAAm, and 
H) PNaAMPS/PDMAAm hydrogels, respectively.
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shows the procedures of platelet adhesive test on the hydrogels 
in vitro. 

    2.5.     Protein Adsorption of Hydrogels 

 To test the protein adsorption on the hydrogel surface, PBS-
equilibrated hydrogel disks with a diameter of 2.5 cm were 
exposed to 1.67 mL of 20% FBS containing medium for 6 h to 
absorb the proteins in a 37 °C humidifi ed atmosphere of 5% CO 2 . 
The loosely adsorbed proteins were washed out by ice-cold PBS. 
Then the adsorbed proteins were desorbed using 200 μL ice-
cold lysis buffer (0.05 M Tris-HCl, 0.15 M NaCl, 0.001 M EDTA, 
and 0.5% Triton X-100) with fresh 1% protease inhibitor cocktail 

(protease inhibitor cocktail set III, Calbio-
chem, La Jolla, CA) in the ice-bath. After the 
lysate was collected into a microfuge tube, 
all proteins contained in the lysate were 
measured by spectrophotometer at 595 nm 
according to the protocol of BSA Protein 
Assay Kit (Beyotime, China).  

  2.6.     Statistical Analysis 

 All data were averaged over at least three 
parallel measurements and expressed as 
the form of mean ± standard deviation. The 
T-test was used for the valuation of statis-
tical signifi cance. It could be considered sta-
tistically signifi cant when obtained * P  < 0.05.   

  3.     Results and Discussion 

  3.1.     Hydrogel Characterization 

 Due to the excellent histocompatibility 
confi rmed by our previous cell culture 
experiments and animal tests of subcu-
taneous and muscle implantation, [ 21,23 ]  
(PNaAMPS/PAAm) and PNaAMPS/
PDMAAm DN hydrogels were chosen for 
the platelet adhesive test. The physico-
chemical properties including the water 
content and mechanical properties are 
important characters for hydrogels used 
as biomaterials. [ 33 ]  The physical proper-
ties of hydrogels could be affected by 
high temperature during the sterilization 
process and the osmosis pressure from 
soaking in the saline solution. It is neces-
sary to evaluate the physical properties 
of the hydrogels after sterilization and 
equilibration in PBS. It can be observed 
from photographs in Scheme  1 , all the 
DN and single-network hydrogels keep 
transparent and homogeneous after 

high temperature sterilizing. The degree of swelling ( q ), 
elastic modulus ( E ), fracture stress (σ), and fracture strain 
(λ) are shown in Table  1 . In the case of same cross-linking 
concentration,  q  of anionic hydrogel was higher than that 
of nonionic hydrogel, which was due to the higher hydro-
philicity of PNaAMPS compared to that of PAAm and poly 
( N , N′ -dimethylacrylamide) (PDMAAm). In addition, σ and 
λ of PAAm and PDMAAm hydrogels were higher than 
PNaAMPS hydrogels because the soft and fl exible polymer 
chains of PAAm and PDMAAm hydrogels can deform 
easily and be able to sustain higher external force than 
rigid PNaAMPS hydrogels. However, the single-network 
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 Scheme 2.    Schematic representation of platelet adhesive test. A) Disk-shaped PBS-
equilibrated hydrogels were punched out of the sheet-shaped hydrogels by a hole 
punch. B) The PBS-equilibrated hydrogels were sterilized by autoclaving (120 °C, 
20 min) and then equilibrated in FBS-free and FBS containing medium for preparing FBS-
free and FBS-equilibrated hydrogels, respectively. C) After the FBS-free hydrogels and FBS-
equilibrated hydrogels were transferred into 24-well TCPS, platelet suspension was dropped 
onto the hydrogel surfaces, and the platelet-loaded samples were incubated for 2 h at 37 °C 
in a humidifi ed atmosphere of 5% CO 2 . D) The platelets adhered on the sample surface were 
fi xed by 2.5 v/v% glutaraldehyde after weakly adherent platelets were rinsed off by PBS (pH 
7.4), and then the samples rinsed with PBS, 50% PBS, and ion-exchanged water, respectively. 
E) The hydrogel samples loaded with platelets is dehydrated. F) The dehydrated samples of 
three kinds of single-network hydrogels (PNaAMPS, PAAm, and PDMAAm) and two kinds of 
DN hydrogels (PNaAMPS/PAAm and PNaAMPS/PDMAAm) monitored by SEM.
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hydrogels could only withstand ≈10 kPa external mechan-
ical loading. On the other hand, σ of PNaAMPS/PAAm and 
PNaAMPS/PDMAAm DN hydrogels was 16.3 ± 5.5 and 
11.4 ± 2.9 MPa, respectively, which were about ten times 
higher than that of single-network hydrogels (Figure S1, 
Supporting Information). Moreover, λ of PNaAMPS/PAAm 
and PNaAMPS/PDMAAm DN hydrogels was ≈90%, which 
was obviously higher than that of single-network hydro-
gels. The mechanical strength of the DN hydrogels was 
high enough to be used as artifi cial blood-contacting bio-
materials. These results demonstrate that PNaAMPS/
PDMAAm and PNaAMPS/PAAm DN hydrogels are able 
to maintain their high mechanical properties even when 
they are sterilized under high temperature and immersed 
in the saline solution. 

    3.2.     Platelet Adhesion on Hydrogels 

 The level of platelet activation can be assessed by their 
morphology. [ 34 ]  Evaluating platelet activation through SEM 
observation is an effective approach, because SEM images 
can provide detailed morphology information of adherent 
platelets. [ 29,35,36 ]  The samples used for SEM observation 
must be dried by the secondary freeze-drying operation, 
which is a very effi cient method to avoid the shape distor-
tion of platelets during drying. [ 29 ]  The morphology of plate-
lets monitored by SEM images can be classifi ed into round, 
discoid, dendritic, and spread shape. Normally, nonactivated 
round platelets are spherical cells with average cell diam-
eter of ≈1–2 μm, thickness of ≈1 μm. Discoid platelets are 
mildly fl attened, absent of pseudopodia. Dendritic platelets 
are discoid cells with radiant fi ber-like pseudopodia. Spread 
platelets are fl at cells without pseudopodia, which can 
easily induce a second layer of platelets on the substrate-
bound cells. The level of platelet activation is in the order 
of round platelet (nonactivated platelet) < discoid platelets 
(mildly activated platelet) < dendritic platelet (moderately 
activated platelet) < spread platelet (activated platelet). [ 34 ]  

 It has been proved that serum proteins contained in 
the FBS can affect platelet adhesion of samples. [ 35,37 ]  
Therefore, the platelet adhesion behaviors of the FBS-
equilibrated hydrogels including the PNaAMPS/PAAm, 
PNaAMPS/PDMAAm DN hydrogels and PNaAMPS, PAAm, 
PDMAAm single-network hydrogels have been studied. 
The FBS-free hydrogels as control have also been tested to 
verify the effect of serum proteins on proteins adhesion 
behavior. There was only a few round platelets adhered 
on the surface of PNaAMPS/PAAm (Figure  1 A–D) and 
PNaAMPS/PDMAAm (Figure  1  E–H) DN hydrogels. The 
number of platelets adhered on the surface of FBS-free 
PNaAMPS/PAAm and PNaAMPS/PDMAAm DN hydro-
gels was 6 ± 2 and 8 ± 3 cells per 10 4  μm 2 , respectively. 
Meanwhile, the number of platelets adhered on the sur-
face of FBS-equilibrated PNaAMPS/PAAm and PNaAMPS/
PDMAAm DN hydrogels was 16 ± 7 and 9 ± 8 cells per 
10 4  μm 2 , respectively. Moreover, the adherent platelets 
are round shape, which means they were nonactivated. 
As a widely used blood-contacting biomaterial, [ 26–28 ]  
the platelet adhesion of PET has also been tested. The 
adherent platelets on PET surface were 297 ± 41 cells per 
10 4  μm 2  (Figure S2, Supporting Information). Compared 
with PET, the DN hydrogels have notable advantage in 
antiplatelet performance.  

 As an important constituent part of DN hydrogels, the 
platelet adhesion behavior of PNaAMPS was totally dif-
ferent from DN hydrogels. The presence of FBS can obvi-
ously change the platelet adhesion behavior of PNaAMPS 
hydrogels. Only a few round platelets adhered on the 
surface of 4 mol% (3 ± 2 cells per 10 4  μm 2 ) (Figure  2 A,B) 
and 10 mol% (8 ± 4 cells per 10 4  μm 2 ) (Figure  2 C,D) FBS-
free PNaAMPS hydrogels. The strong electrostatic repul-
sion between negatively charged hydrogels and platelets 
causes the antiplatelet properties of FBS-free PNaAMPS. [ 29 ]  
However, the adherent platelets increased sharply on 
the surface of FBS-equilibrated PNaAMPS hydrogels. 
The number of round adherent platelets was 187 ± 26 
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  Table 1.    The degree of swelling ( q ), elastic modulus ( E ), fracture stress (σ), and fracture strain (λ) of FBS-free single-network hydrogels 
(PNaAMPS, PAAm, and PDMAAm), as well as FBS-free DN hydrogels (PNaAMPS/PAAm and PNaAMPS/PDMAAm). 

Hydrogel Cross-linking concentration 
[mol%]

 Q  E  
[MPa]

 σ  
[MPa]

 λ  
[%]

PNaAMPS 4 14.8 ± 0.36 0.048 ± 0.008 0.61 ± 0.04 42.3 ± 6.6

10 9.4 ± 0.82 0.052 ± 0.005 0.63 ± 0.06 44.7 ± 4.7

PAAm 2 8.4 ± 1.35 0.088 ± 0.008 0.77 ± 0.04 80.6 ± 2.2

4 7.2 ± 1.73 0.092 ± 0.006 0.74 ± 0.08 73.3 ± 5.8

PDMAAm 2 12.4 ± 0.17 0.063 ± 0.001 0.32 ± 0.05 44.1 ± 2.1

4 9.68 ± 0.10 0.11 ± 0.008 0.41 ± 0.03 40.7 ± 5.8

PNaAMPS/PAAm 4/0.1 13.6 ± 2.66 0.16 ± 0.080 16.3 ± 5.5 92.3 ± 4.2

PNaAMPS/PDMAAm 4/0.1 11.9 ± 2.3 0.19 ± 0.080 11.4 ± 2.9 90.2 ± 3.4
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(Figure  2  E,F) and 197 ± 30 cells per 10 4  μm 2  (Figure  2  G,H) 
when cross-linking concentration was 4 mol% and 10 
mol%, respectively. Moreover, a lot of discoid-shaped 
platelets and focal clumps were observed on the surface 
of FBS-equilibrated PNaAMPS hydrogels, the number of 
discoid- shaped platelets was 143 ± 32 and 151 ± 40 cells 
per 10 4  μm 2  when cross-linking concentration was 4 mol% 
and 10 mol%, respectively. The number of adherent plate-
lets under FBS condition is ≈27 times of FBS-free condi-
tion. It has been reported that positively charged hydro-
gels can induce platelet adhesion because of the elec-
tronic attraction between the negatively charged platelets 
and the positively charged hydrogels. [ 38 ]  The result here 
proves that the negatively charged hydrogels also induce 
platelet adhesion under the FBS condition. We speculated 
that serum proteins contained in FBS is the key factor for 
the platelet adhesion of FBS-equilibrated PNaAMPS.  

 We have also studied the platelet adhesion behavior of 
the nonionic PAAm and PDMAAm hydrogels, which con-
stitute the second network of DN hydrogels. There is no 

platelet found on the surface of PAAm 
(Figure S3, Supporting Information) 
and PDMAAm (Figure S4, Supporting 
Information) hydrogels. They showed 
an excellent antiplatelet performance 
whether pre-equilibrated in FBS or not. 
We speculated that the surface of these 
nonionic hydrogels does not induce 
the serum proteins adsorption. The 
similarity of antiplatelet performance 
between PNaAMPS/PAAm (PNaAMPS/
PDMAAm) DN hydrogels and PAAm 
(PDMAAm) indicates the nonionic 
PAAm and PDMAAm network dominate 
the surface properties of DN hydrogels. 

 In addition, it was found that 
the cross-linking concentration of 
PNaAMPS, PAAm, and PDMAAm hydro-
gels does not affect the platelet adhe-
sion behavior (Figure  3 ). The cross-
linking concentration can infl uence the 
mechanical performance of hydrogels 
directly. This result indicates that the 
change of mechanical properties does 
not affect the platelet adhesion behavior 
of the hydrogels. The DN hydrogels can 
fulfi ll the various mechanical require-
ments in the application and keep an 
excellent antiplatelet performance.  

 To sum up, platelets do not adhere 
to the surface of all those hydrogels 
without the FBS. The antiplatelet per-
formance of FBS-equilibrated hydro-
gels is in the order of PNaAMPS/

PA A m ≈ P N a A M P S / P D M A A m ≈ PA A m ≈ P D M A A m >
PNaAMPS. The PNaAMPS/PAAm and PNaAMPS/PDMAAm 
DN hydrogels as well as the neutral PAAm and PDMAAm 
hydrogels showed excellent antiplatelet performance. 
The platelet adhesion of FBS-equilibrated PNaAMPS 
hydrogel may be caused by the adsorption of serum pro-
teins in FBS. The cross-linking concentration of hydrogels 
does not affect the platelet adhesion behavior of hydro-
gels. Consequently, the change of mechanical properties 
of hydrogels will not affect the platelet adhesion behavior 
of hydrogels.  

  3.3.     Zeta Potential of Hydrogels and Protein Adsorption 

 When blood is applied to biomaterials, the proteins con-
tained in blood will be absorbed on materials surface prior 
to cellular interaction with surface, and then the adsorbed 
proteins will promote platelet adhesion and activation, 
and result in thrombus at last. [ 39,40 ]  So it is very important 
to understand the effect of protein adsorption on platelet 
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 Figure 1.    The SEM images of adherent platelets on FBS-free (A, B) and FBS-equilibrated 
(C, D) PNaAMPS/PAAm DN hydrogels, as well as on FBS-free (E, F) and FBS-equilibrated 
(G, H) PNaAMPS/PDMAAm DN hydrogels. Only a few round platelets adhered on the 
hydrogels, indicating nonactivation. Column II (scale bar: 5 μm) is the magnifi ed images 
of Column I (scale bar: 50 μm), the adhered platelets are labeled by arrow. 
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adhesion and activation. It was evidenced that platelet 
adhesion is closely related to the serum proteins (e.g., vit-
ronectin, fi bronectin, etc.). These serum proteins could be 
anchored on the surface of biomaterials via electrostatic 
interactions or van der Waals’ force, and the adsorbed 
proteins can further affect the behavior of platelet adhe-
sion. [ 41 ]  In our investigation, we speculated that the serum 
proteins contained in FBS were adsorbed on the surface of 
FBS-equilibrated hydrogels before platelet adhesion, and 
these proteins may facilitate platelet adhesion and activa-
tion by providing more available binding sites for plate-
lets. In addition, protein adsorption is closely related to 
zeta potential of hydrogels, [ 32,42 ]  thus the zeta potential of 
hydrogels was measured to verify the speculation. 

 A series of poly (NaAMPS- co -DMAAm) hydrogels was 
synthesized to study the effect of charge on platelet adhe-
sion and activation. The zeta potential of hydrogels can 
be tuned by changing the molar fraction of NaAMPS in 
the poly (NaAMPS- co -DMAAm) hydrogels. Then, platelet 
adhesion and activation under FBS condition were tested. 
The number of adherent platelets and SEM images is 
shown in Figure S5 and S6 (Supporting Information). The 

zeta potential (ζ) decreases with the 
increasing of NaAMPS molar fraction. [ 42 ]  
The number of adherent platelets almost 
remains unchanged when the NaAMPS 
molar fraction ≤0.3. Then a dramatic 
increasing occurs with the increasing 
of NaAMPS molar fraction from 0.3 to 
0.7, the number of adherent platelets 
increases from 21 ± 9 to 187 ± 126 cells 
per 10 4  μm 2 . The number of adherent 
platelets almost keeps stable when 
NaAMPS molar fraction ≥0.7 (the number 
of adherent platelets is 187 ± 26 and 
197 ± 30 cells per 10 4  μm 2  on PNaAMPS 
hydrogel with cross-linking concentra-
tion of 4 mol% and 10 mol%, respec-
tively). This variation trend of platelet 
adhesion is similar with the serum pro-
tein adsorption on the poly (NaAMPS-
 co -DMAAm) hydrogels we previously 
reported. [ 42 ]  That means the platelet 
adhesion on material surface is facili-
tated by the adsorption of serum pro-
tein. Meanwhile, from the SEM images 
of adherent platelets, discoid platelets 
were found on the poly (NaAMPS- co -
DMAAm) hydrogel with a NaAMPS 
molar fraction of 0.7 (Figure S6D, Sup-
porting Information). Those results indi-
cate that more negative charge, more 
protein adsorption, which favors platelet 
adhesion and activation. 

 Figure  4 A shows the zeta potential of DN and single-
network hydrogels. The value of zeta potential of each 
hydrogel is in the order of PAAm>PDMAAm>PNaAMPS/
PAAm>PNaAMPS/PDMAAm>>PNaAMPS. The zeta poten-
tial of the DN hydrogels was lower than that of neutral 
PAAm and PDMAAm hydrogels because of the existence 
of anionic PNaAMPS component in the DN hydrogels. 
While, the zeta potential of PNaAMPS was far lower than 
DN hydrogel. The similarity of zeta potential between DN 
hydrogels and PAAm, PDMAAm hydrogels indicates that 
the surface property of DN hydrogels is dominated by 
neutral polymer network. This is in good agreement with 
the previous results.  

 The amount of total adsorbed proteins on each hydrogel 
has a similar trend as the zeta potential (Figure  4 B). The 
amount of total proteins adsorbed on anionic PNaAMPS 
hydrogels with the lowest zeta potential was noticeably 
higher than that of DN hydrogels and neutral PAAm and 
PDMAAm hydrogels. Because the proteins adsorbed on 
the hydrogel surface could facilitate platelet adsorption, a 
large number of platelets adhered on the FBS-equilibrated 
PNaAMPS hydrogels (Figure  3 ). The number of platelets 
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 Figure 2.    The SEM images of adherent platelets on FBS-free (A–D) and FBS-equilibrated 
(E–H) PNaAMPS hydrogels with 4 mol% and 10 mol% cross-linking concentration. A 
few round platelets adhered on FBS-free hydrogels, indicating nonactivation, while 
discoid-shaped platelets adhered on FBS-equilibrated hydrogels and form aggregates, 
indicating activation. Column II (scale bar: 5 μm) is the magnifi ed images of Column I 
(scale bar: 50 μm).
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adhered on the surface of DN hydrogels was much less 
than that of PNaAMPS hydrogels, which may be attrib-
uted to the fact that the surface properties of DN hydro-
gels are dominated by the neutral components, i.e., PAAm 
and PDMAAm, specifi cally due to the following two rea-
sons: i) a large amount of PAAm or PDMAAm inevitably 
polymerized on the surface of DN hydrogels in the pro-
cess of DN hydrogel preparation; ii) The molar ratios of 
neutral polymers, PAAm or PDMAAm, are over 10 times 
higher than that of negatively charged polymers in the DN 

hydrogels. [ 14,15 ]  The current work indicates that the sur-
face properties and the behavior of platelet adhesion are 
mainly controlled by the neutral polymer network in DN 
hydrogels. Similar results were obtained in our previous 
endothelial cell cultivation. [ 42 ]  The results demonstrate that 
the adsorbed proteins on the surface of hydrogels, which 
are directly related to the zeta potential of the hydrogel sur-
face, play an important role in inducing platelet adhesion.   

  4.     Conclusion 

 DN hydrogels are promising blood-contacting biomate-
rials because their mechanical properties are comparable 
to that of native biological tissues. The static platelet adhe-
sive test of two typical DN hydrogels, i.e., PNaAMPS/PAAm 
and PNaAMPS/PDMAAm, has been undertaken for the 
fi rst time. These two DN hydrogels showed an excellent 
antiplatelet performance with or without the presence of 
the FBS. Only a few nonactivated round platelets adhered 
on DN hydrogels surface. There are 6 ± 2 and 8 ± 3 cells 
per 10 4  μm 2  on FBS-free PNaAMPS/PAAm and PNaAMPS/
PDMAAm hydrogels. On FBS-equilibrated PNaAMPS/PAAm 
and PNaAMPS/PDMAAm hydrogels, the adhered plate-
lets are 16 ± 7 and 9 ± 8 cells per 10 4  μm 2 , respectively. 
The adhesion and activation of platelets mainly depend 
on the chemical structure, zeta potential, and protein 
adsorption of the hydrogels surface. With the presence of 
serum proteins, the PNaAMPS (4 mol%) hydrogel with the 
lowest zeta potential of 31.1 ± 1.5 mV adsorbed over three 
times weight of the proteins than that of DN hydrogels, 
and adsorbed over 10 times of platelets compared to that 
of platelets on DN hydrogels. Among these, 143 ± 32 cells 
per 10 4  μm 2  of platelets were found active on the surface 
of PNaAMPS hydrogel. However, the nonionic PAAm and 
PDMAAm hydrogels, which are also the main components 
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 Figure 4.    The zeta potential (A) and amount of total adsorbed proteins (B) of various hydrogels. The numbers with unit in mol% are the 
cross-linking concentration in molar ratio in relative to monomer used in gelation. Error ranges are standard deviations over  n  = 5 samples.

 Figure 3.    Number of adherent platelets on the surface of various 
FBS-free (white bar) and FBS-equilibrated hydrogels (white bar 
with oblique lines). The numbers with unit in mol% are the cross-
linking concentration in molar ratio in relative to monomer used 
in gelation. * p  < 0.05 vs the FBS-equilibrated PNaAMPS hydrogels. 
Error ranges are standard deviations over  n  = 5 samples.
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of the DN hydrogels, present excellent antiplatelet perfor-
mance. The antiplatelet performance of the DN hydrogels 
is dominated by the nonionic PAAm and PDMAAm net-
work. Meanwhile, the cross-linking concentration does 
not affect the platelet adhesion behavior of hydrogels. As 
a result, DN hydrogels can maintain their excellent anti-
platelet performance despite the tuning of mechanical 
properties, and this characteristic offers them great poten-
tial for using as blood-contacting biomaterials.  
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