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Polyampholyte-coated (poly(acrylic acid) (PAA)-co-3-(diethylamino)-propylamine (DEAPA)) magnetite
nanoparticles (PAMNPs) have been prepared as contrasting agent used in magnetic resonance imaging
(MRI). Excellent biocompatibility is required for contrasting agents used in high-resolution magnetic
resonance angiography. To evaluate the biocompatibility of PAMNPs, some experiments have been
conducted. The hemolysis, plasma recalcification, dynamic blood clotting, prothrombin time,
inflammatory cytokine release and complement system activation assays were carried out to investigate the
hemocompatibility. To evaluate the toxicity to vessel, MTT test and vascular irritation tests were conducted.
Tissue toxicity test was also performed to investigate the biocompability in vivo. We also looked into the
biodistribution. The results showed that PAMNPs at the working concentration (0.138 mM) present similar
hemocompatibility with negative control, thus have no significant effect to vessels. PAMNPs were mainly
distributed in the liver and the blood. The circulation time in blood was considerably long, with the half-time
of 3.77 h in plasma. This property is advantageous for PAMNPs’ use in angiography. PAMNPs could be
metabolized rapidly in mice and were not observed to cause any toxic or adverse effect. In short, these results
suggest that the PAMNPs have great potential to serve as safe contrast agents in magnetic resonance imaging
(MRI).

magnetic resonance imaging (MRI)'"**. Various kinds of magnetite nanoparticles with high r1 relaxivity

and low ratio of r2/rl were explored for contrast-enhanced magnetic resonance angiography
(MRA)"*. However, the disadvantages of magnetite nanoparticles, including their high surface energy, which
resulted in aggregation.

In order to overcome the aggregation of nanoparticles caused by the high surface energy, dextran, carbox-
ydextran, and citric acid with good biocompatibilities have been used for modifying ultrasmall superparamag-
netic iron oxide (USPIO)**-**, However, previous efforts involved complicated and tedious preparation process.
In our previous research, a new kind of polyampholyte-coated (poly(acrylic acid) (PAA)-co-3-(diethylamino)-
propylamine (DEAPA)) magnetite nanoparticles (PAMNPs) had been synthesized***°. The preparation process
is simple, time-saving and low energy-consuming. This nanoparticles had well-controlled size, high crytallinity
and high water solubility. The MRA evaluation indicated PAMNPs have long blood circulation time and showed
high efficiency for MRA first-pass and equilibrium imaging*.

Biocompatibility refers to the ability of a biomaterial to perform with an appropriate host response in a specific
situation®’~°. It is an important property that blood-contacting biomaterials should possess for clinical use®'~>.
We preliminarily focus on the evaluation of hemocompatibility of PAMNPs. Furthermore, toxicity to vessel and
tissue have also been discussed. The results showed that the PAMNPs have unexceptionable hemocompatibility,
as under our working concentration, the PAMNPs show any toxicity to organs or vessels. This is because the
PAMNPs could be eliminated by the liver and other organs in vivo, thus causing little toxicity to the body. The

M agnetite nanoparticles have been widely used in biomedical applications, especially as contrast agents in
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blood circulation time is also significantly long as contrast agents in
MRI. All, these results provide strong evidence for clinical thera-
peutic benefits. Further studies will be conducted in the future.

Methods
Materials. The tumor necrosis factor TNF-o and interleukin IL-1 ELISA test kits
were purchased from the Beyotime Institute of Biotechnology (Shanghai, China).
Complement Cj; assay kit was purchased from NanJing JianCheng Bioengineering
Institute (Nan]Jing, China).

HUVEC (human umbilical vascular endothelial cells) and THP-1 cells (human
monocytic leukemia cell line), were obtained from the Type Culture Collection of the
Chinese Academy of Sciences, Shanghai, China.

Preparation of polyampholyte-coated (poly (acrylic acid) (PAA)- co-3-
(diethylamino)-propylamine (DEAPA)) magnetite nanoparticles (PAMNPs). The
methods were carried out in accordance with the approved guidelines. PAMNPs were
synthesized based on the poly(acylic acid) (PAA)-coated magnetite nanoparticles,
which was synthesized by the microwave polyol method. Then the surface was
modified into zwitterionic via a well-established EDC/NHS chemistry***.

FTIR readings were measured using a Nicolet NEXUS-670 Fourier Transform
Infrared Spectrometer. Transmission electron microscopy (TEM, JEOL 2010F)
observation was used for observing the size and morphology of the PAMNPs. Acid-
base titration was used to determine the content of superficial carboxyl groups. The { -
potential was measured on Zetasizer Nano (Malvern) 134 and Mettler Toledo Seven
Easy S20 pH meter.

Hemocompatibility of PAMNPs. Hemolysis. Fresh rabbit whole blood containing
sodium citrate (3.8 wt%) in a ratio of 9 : 1 was diluted with saline (8 mL rabbit blood:
10 mL saline). PAMNPs was suspended in 0.9% NaCl to different concentrations™.

The solutions of PAMNPs were incubated for 1 h at 37°C in a shaking water bath.
Diluted blood (0.2 mL) was added into the solutions and incubated for 1 h. Positive
and negative controls were produced by adding 0.2 mL of diluted blood to 10 mL of
distilled water or saline. The release of hemoglobin was determined after centrifu-
gation at 3000 rpm for 5 min by photometric analysis of the supernatant at 545 nm.
The same concentrations of the PAMNPs had been treated according to the same
process, and used as the zero setting. The hemolysis ratio (HR) was calculated from
the optical density (OD) data:

HR (%) = 100 (ODest sample — ODnegative control ) / (ODpositive control — ODnegative control )

All data were calculated based on the average of three replicates.

Plasma recalcification time (PRT). Platelet poor plasma (PPP) was prepared by
centrifuging the whole blood (containing 3.8 wt% citrate acid solution, blood/citrate
acid = 9:1) at 3000 rpm for 10 min®.

PAMNPs were dissolved in 0.025 M CaCl, to different concentrations, 100 pL of
the resulting solutions were added into a siliconized glass tube. 100 uL of PPP pre-
heated to 37°C were added into the samples. After 50~80 s, the tube was tilted every 1
to 2 s to observe the clotting time. Glass tube was taken as the positive control, and
siliconized glass tube as the negative control.

Quantification of whole blood clotting time. PAMNPs were dissolved in CaCl,

(0.2 mol/L) to different concentrations, 0.025 mL of the solutions were added into a
siliconized glass tube. Similarly, glass tube served as positive control, siliconized glass
tube as negative control®**.

Test tubes were placed in a thermostat at 37°C for 5 min. 0.2 mL of ACD whole
blood containing 3.8 wt% citrate acid solutions (blood/citrate acid = 9:1) were then
added into the tubes. At specific time points, 50 mL of distilled water was gently
added into the tubes. The OD of the supernatant was determined at 545 nm wave-
length using a spectrophotometer. The relative absorbance of 0.2 mL ACD whole
blood diluted by 50 mL distilled water was assumed to be 100. The same concen-
trations of the PAMNPs had been treated according to the same process, and used as
zero setting. The blood clotting index (BCI) was quantified by the ratio of the
absorbance of blood contacted with the sample to that of diluted ACD whole blood.
The relative clotting time of each sample was obtained from the OD versus time plots.

Prothrombin time (PT). Rabbit brain extracts (RBE) was prepared firstly. 0.3 g of
dried rabbit brain powder,4.9 ml of normal saline, and 0.1 ml of 0.1 mol/L sodium
oxalate were vibrated in 45°C water bath. 45 min later, they were centrifuged at
3500 r/min X 5 min to get the supernatant®*’.

PAMNPs were dissolved in 0.025 M CaCl, to different concentrations, 100 pL of
the resulting solutions were added into a siliconized glass tube. 100 pL of PPP
(described in Plasma recalcification time (PRT)) and 100 pL of RBE preheated to
37°C were added into the samples. After 50~80 s, the tube was tilted every 1to 2 s to
observe the clotting time. 0.9% NaCl had been used as the negative control.
Prothrombin time of the sample was compared with that of negative control and PT
ratio (PTR) was derived.

Inflammatory cytokine release and Complement system activation. THP-1 cells were
incubated into 96-well plates and differentiated into adherent macrophages by
25 ngmL~' PMA (phorbol 12-myristate 13-acetate). 72 h later, the growth medium

was replaced with the PAMNPs with different concentrations. 6.4% phenol solution
in medium was taken as a positive control. After 24 h, the concentrations of tumor
necrosis factor TNF-o and interleukin IL-1f were determined using ELISA. All of the
experiments were performed in triplicate.

Fresh rabbit blood was incubated for 1 h at 37°C, the clotted blood was centrifuged
at 1000 g for 20 min to separate the serum. The serum was incubated with PAMNPs
to different concentration. PBS was tested as the negative control. The positive control
was zymosan (Sigma) at the concentration of 2.5 mg/ml. After incubation for 1 h at
37°C, the concentrations of complement component Cj in the serum after incubation
were measured with immunoturbidimetry according to the manufacturer’s
instructions.

Toxicity to vessel. Vascular irritation test. PAMNPs were diluted to 138 mM with
0.9% NaCl. 0.5 ml of this PAMNPs solution had been injected into one side ear vein of
the rabbit, and the other side was 0.9% NaCl. Three days later, the ear vein and the
surrounding tissues which were 1 cm and 5 cm away from the injection point had
been harvested, fixed by 4% paraformaldehyde, HE stained and checked by
microscope®*.

Vascular endothelial cells cytotoxicity. PAMNPs were dissolved in DMEM to different
concentrations. DMEM culture medium was used as negative control. HUVEC cells
in 96-well cell culture plates were incubated with these samples for 24 and 48 h and
detected by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
5 mg/mL) method. The same concentrations of the PAMNPs without the HUVEC
cells had been treated according to the same process, and used as zero setting. The cell
viability was calculated from the OD data of the test sample and negative control
using the following equation. All experiments were carried out in triplicate. The data
was expressed in mean = S.D.

Relative activity(%) =100 * ODtegt sample / ODnegative control

Toxicity to tissue. Tissue distribution of PAMNPs. 6 groups of 6 mice each were
injected with 0.2 ml of PAMNPs (138 mM) respectively through the caudal vein.
The eyeballs were extracted and blood was drawn at 0, 5, 15, 30, 60, 120, 180 and
300 min respectively after injection, after which the animals were put to death
immediately and tissues of heart, liver, spleen, lungs, kidneys were taken. The
blood was centrifuged (5000 r/min X 10 min) and the plasma was collected. The
visceral organs were rinsed of residual blood, blotted up, weighed and stored at
—20°C for assay.

Fe content was determined by the following method. The tissue was precisely
weighed, mixed acids (nitric acid : perchloric acid = 4:1) were added into it at the
ratio of 1 g tissue/100 ml, homogenate was then prepared and soak overnight. 10 ml
of the homogenate fluid was injected into a round flask, and heated from 79°C to
280°C with temperature rising gradually, then maintained at 280°C until dried. After
cooling, 4 ml of 1.5% hydrochloric acid was added to dissolve the residue. The
content of Fe element was then determined with an atomic absorption
spectrophotometer***!.

The curve of concentrations of Fe element in plasma and was plotted various
organs against time. The data was inputted into DAS software for processing and the
pharmacokinetics constant was calculated.

Tissue slice inspection. The toxicity in vivo was investigated using mice subject. 0.2 ml
PAMNPs solution (diluted to 0.138 mM and 138 mM with 0.9% NaCl) was injected
into the tail vein every other day. 14 days later, the mice were killed, the organs (heart,
liver, spleen, lung, kidney) were harvested, fixed by 4% Paraformaldehyde, HE stained
and checked by microscope***.

Statistical analysis. Statistical analysis was performed using SPSS 10.0 software.
Descriptive data was expressed as the arithmetic mean value plus or minus the
standard deviation. Statistics were performed for all comparisons. All quantitative
results were obtained from at least triplicate samples. The methods were performed in
accordance with the guidelines and regulations of Shanghai Cancer Institute, Renji
Hospital, School of Medicine, Shanghai Jiao Tong University. The experiments were
approved by the ethics committee of the Shanghai Cancer Institute, Renji Hospital,
School of Medicine, Shanghai Jiao Tong University.

Ethical approval. Ethical approval was given by the medical ethics committee.

Results and discussion

Characteristics of PAMNPs. As showed in Figure 1(A), reaction of
polyacrylic acid (PAA)-coated magnetite nanoparticles (PM) and 3-
(diethylamino)propylamine (DEAPA) catalyzed by EDC/NHS had
formed a zwitterionic structure**~¢. This property led high water
solubility of PAMNPs and would overcome the aggregation of
magnetic nanoparticles.

TEM images and the corresponding size distributions of PAMNPs
were presented in Figure 1(B) and (C). The TEM picture showed that
the PAMNPs had well-controlled size and were of uniform spherical
shape. The average size of PAMNPs was 4.5 = 1.4 nm. Isoelectric
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Figure 1| (A): Structural Features of PAA-Coated Magnetite Nanoparticles (PAMNPs). The PAMNPs exist as zwitterionic structure which would
improve on the aggregation property. Characteristics of PAMNPs (B):TEM image; (C): size distributions; (D): {-potential; (E): FTIR spectra). The

average size of PAMNPs is small (4.5 = 1.4 nm), and {-potential is 7.5.

point obtained from zeta potential measurement in Figure 1(D) for
PAMNPs was 7.5. The characteristic absorption peak of Fe;0, was
found to be at 621 cm™' (Figure 2E). Infrared absorption peaks of
carbonyl groups were found to be at 1577 cm™' (Amide bond),
1639 cm™" and 1720 cm™' (polyacrylic acid). stretching vibration
of hydroxyl showed up as a strong broad peak from about 3000-
3700 cm ™" and the stretching vibration of amine was not observed.
Methylene (2922 cm™') and Methine (2852 cm™') was found in the
spectrum. Methyl absorption peak appeared as a shoulder peak at
2947 cm™.

It implied that half of the carboxyl groups on PAA was transformed
into amino groups via a well-established EDC/NHS chemistry.

Hemocompatibility of PAMNPs. Biocompatibility refers to the
ability of a biomaterial to perform with an appropriate host response
n a specific situation. This is an important trait for blood-contacting
biomaterials adopted in clinical use.

Hemolysis. Hemolytic reaction caused by preparations as drugs
includes immune hemolysis and non-immune hemolysis**. Accord-
ing to the guide for evaluation of biological materials, if the hemolysis
rate is less than 5%, the material meets the requirements of hemolysis
test on biological materials.

In this work we studied the concentrations of 0.138 mM,
0.690 mM, 1.380 mM, 3.450 mM and 6.900 mM (determination
data would be effected when the concentration is higher than
6.900 mM). The Hemolysis ratios (%) are 2.42 * 0.92, 4.06 =*
0.84, 2.35 * 0.09, 1.94 = 0.89 and 2.85 * 1.02. The test result
indicated that for all the concentrations of PAMNPs under test,
the hemolysis rates were lower than 5%, which lie within the recom-
mended value in standard ISO 10993-4. Furthermore, there are no
significant difference among the hemolysis rates of all the levels (P >
0.05). These findings showed that the PAMNPs complied the
requirements of hemolysis test on medical materials.

Plasma recalcification time. A plasma recalcification profile is a mea-
sure of the time taken for the clot formation in recalcified blood, and
could serve as an indicator of the intrinsic coagulation system. The
PAMNPs are considered to have no effect on the clotting time if the
plasma recalcification time (PRT) is 40% longer than that of the
positive control, i.e. not silicified glass.

Table 1 showed that, clotting time of normal saline was 185S. As
compared to the normal saline, the contrast agent at high concen-
tration had the effect of shortening recalcification time on rabbit
plasma. When the contrast agent was at the concentration of
138 mM, the recalcification time was shortened to 110S. With
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Figure 2 | Curve of dynamic clotting. The profile of positive control
decreased very quickly, while the PAMNPs and the negative control
decreased slowly. The curve of dynamic clotting for PAMNPs was similar
to that of the negative control. The PAMNPs would not interact with
fibrinogen in blood (n = 5 for each time point).

decreased concentration, this effect was reduced. When the concen-
tration is decreased to 1.38 mM, the recalcification time was close to
that of normal saline, hardly showing the effect of shortening recal-
cification time. When PAMNPs concentration was lower than
1.38 mM, the clotting time was basically similar to that of normal
saline and the PRT was 40% longer than that of the positive control.
PAMNPs did not exert a noticeable effect on the intrinsic coagulation
pathway.

The result of plasma recalcification test indicated that, when
PAMNPs concentration was lower than 1.38 mM, PAMNPs hardly
influenced on clotting time. When the concentration was higher than
1.38 mM, they could promote activation of endogenous coagulation
system and shorten the clotting time. Hence the range of concentra-
tions of PAMNPs for safe application is recommended to be from
0 mM to 1.38 mM.

Prothrombin time (PTR). Prothrombin time means the clotting time
required for platelet poor plasma, where excess tissue factors (rabbit
brain effusion) are added (prothrombin is converted into thrombin).
Prothrombin time test reflects the extent of activation of exogenous
coagulation system.

At the customary initial concentration in blood (0.138 mM), PTR
was 1.00. Table 2 had shown that, PAMNPs had the effect of reducing
prothrombin time on rabbit plasma at high concentration. When the
contrast agent is at the concentration of 138 mM, it’s PTR was 0.57.
The effect was reduced with decreased concentration. When the
concentration was decreased to 7.8 mM, the effect of shortening
prothrombin time was not observed, the clotting time was basically
similar to that of normal saline.

Prothrombin test proved that, when the concentration of
PAMNPs was below 7.80 mM, PAMNPs hardly had any effect on
prothrombin time. At the concentrations above 7.80 mM, they could
promote the activation of exogenous coagulation system and shorten

the clotting time. The range of safe application concentration of
PAMNPs is 0 mM~7.80 mM.

Dynamic clotting. Dynamic clotting time tests allow the detection of
the degree of activated endogenous clotting factors.

Figure 2 exhibited the dynamic blood clotting profiles of different
concentrations of PAMNPs. The time at which the absorbance
equals to 0.01 is generally defined as the clotting time. The positive
control showed the most rapid decrease of BCI with a whole clotting
time of 10 min. All concentrations of the PAMNPs and the negative
control exhibited similar BCI decrease profiles. The concentrations
did not affect the BCI profiles of the PAMNPs. These data demon-
strated that the PAMNPs would not interact with fibrinogen in
blood.

Inflammatory cytokine release and Complement system activation.
The pro-inflammatory cytokine IL-1f is involved in the initiation
of inflammatory processes and contributes to inflammatory diseases.
TNF-a promotes leukocyte activation and enhances the release of an
array of inflammatory factors and destructive enzymes. On the hand,
the complement system is an important part of the body. The
decrease of Cs level in serum may induce leukopenia decrease,
immune disorder symptoms.

The extracellular content of IL-1f3 and TNF- o in the THP-1 cell
line after 24 h of culture was shown in Figure 3. The amount of TNF-
o release was similar to that of the positive control (22.5 pg/mL)
(Figure 3B). For IL-1, the release of IL-1P was also similar to that
of the positive control (200 pg/mL) (Figure 3C). Thus, the effects of
PAMNPs on cytokine production were significantly lower compared
to the positive control, which might be attributed to an inhibitory
effect of the extracts on leukocyte activation, resulting in a reduction
in the release inflammatory mediators and pro-inflammatory cyto-
kines as an amelioration of inflammation.

After incubating with serum at 37°C for 1 h, pure serum served as
a negative control with the C; was 117.1 mg/dl, while the positive
control was 290.2 mg/dl. After exposing to PAMNPs, the C; was
similar to the negative control, and far lower than positive control
(Figure 3D). It indicated the PAMNPs did not have any impact on
complement system activation and possessed ideal immunological
compatibility.

Toxicity to vessel. It is necessary to evaluate the toxicity of vascular
because the PAMNPs are used by injection. Vascular irritation is one
of the principal irritation tests to ensure clinical safe administration.
In this work, we selected HUVEC cell lines to evaluate the cell
toxicity.

As Figure 4A had demonstrated, after injection of PAMNPs with
the maximum dose (138 mM, which is 100 times higher than
working concentration), the surface of skin tissues on the dosing side
of the rabbit ear is covered with squamous epithelium for both near-
end and far-end of the injection site. The epithelial structure is intact
and showing no keratinized hyperfunction. There was no hyperemia,
edema and infiltration of inflammatory corpuscles in the mesench-
yme. There was also no hyperplasia of fibrous tissue and expansion of
vein lumen. At the rabbit ear region, there was no local abscission,
and swelling of vascular endothelium cells. No intracavity thrombus,
perivascular infiltration of lymphocytes, plasma cells, neutrophilic
granulocytes and eosinophil granulocytes was observed as well.

Table 1 | Plasma recalcification time of PAMNPs (n = 5 for each time point)

Concentration (mM) Positive control Negative control 0.138 0.690 1.380 2.760

PRT(s) 1153 185+ 3 185 =3 184+ 4 179 =7 159 £ 6

Concentration (mM) 7.80 13.80 27.60 55.20 76.00 138.00

PRT(s) 151 7 140 = 9 130 £ 4 122 +3 1185 1103
| 5:7774 | DOI: 10.1038/srep07774 4



Table 2 | Prothrombin time of PAMNPs (n = 5 for each time point)

0.138 0.69 1.38
1.00 1.02 1.12

Control
1.00

Concentration (mM)
PTR(s)

276
1.01

7.80
1.00

13.80
0.78

27.60
0.74

76.00
0.68

138.00
0.57

These observation were similar to the control. This proved that
PAMNPs showed no obvious vascular irritation.

Figure 4B illustrated the cell viability after culture different con-
centrations of PAMNPs solutions for 24 h and 48 h. HUVEC cells’
viability slightly varied with the incubation time and the concentra-
tion of PAMNPs (p < 0.05). The cell viability (%) of all groups was
greater than 80%. It was noteworthy that, even with the highest
concentration of 6.9 mM, the relative activity (%) was above 75%.
According to the United States Pharmacopoeia Standards, it was
concluded that these materials were not toxic to HUVEC cells.

According to these results, we tentatively put forward that
PAMNPs could be utilized by vein injection without effects on vas-
cula endothelial cells and vessel.

Toxicity to tissue. The former test shows that PAMNPs cause no
vascular irritation. After that, the effects of PAMNPs on the other
internal tissues are detected.

Tissue distribution. Contrast agents claim longer blood circulation
time and easily cleared by the body. It is necessary for us to research
the tissue distribution of PAMNPS.
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Figure 3| PMA induced the differentiation of THP-1 cells (A), after treating for 48 hous, the THP-1 cells under went differentiation. The PAMNPs
did not affect the extracellular content of TNF- o (B) and IL-1f (C) in the THP-1 cell line. The PAMNPs did not affect the concentrations of C3 left in the
serum after incubated with PAMNPs either (D). (n = 3,*p < 0.05 and **p < 0.01 # p> 0.05 versus negative).
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Figure 4| (A): Representative pathology slide photomicrographs of rabbit ear vein slices. (red arrow: blood vessel; blue arrow: squamous
epithelium) There was no hyperemia, edema and infiltration of inflammatory corpuscles in the mesenchyme. (B): HUVEC cell cytotoxicity of PAMNPs.
There was no significant change to the cell viability of HUVEC cells. (n = 7,*p < 0.05 and **p < 0.01 # p > 0.05 versus control).

Figure 5 showed that the drug concentration in liver tissue
increased rapidly, which indicated that PAMNPs could be swallowed
into the liver by macrophages. Concentrations in tissues of heart,
kidney, lung and spleen were relatively low. Meanwhile, PAMNPs
concentration in blood was much higher than that in other tissues
except liver. As a type of vascular contrast agents, PAMNPs were able
to maintain a high concentration in the blood, which could provide a
guarantee for its function in angiography. Activity of PAMNPs in
plasma was according to the first order elimination kinetics, with the
half-time in plasma being 3.77 h, and the elimination rate constant
beingk = 0.184. PAMNPs was higher content in plasma so as to meet
the requirement of angiography. In the blood, over 99% of the
internal drug could be eliminated after 7 runs of half-time.

PAMNPs could be metabolized effectively in all tissues, thus they
are unlikely to pose as a hazard to organisms. The clearance rate in
liver tissue was the maximum, which permited PAMNPs to be meta-
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Figure 5 | Tissue distribution of PAMNPs. The PAMNPs almost
accumulated in liver and blood. The PAMNPs were metabolized quickly in
vivo. The half-time in plasma was 3.77 h which make it has the potential for
targeting angiography. (n = 5 for each time point).

bolized rapidly in mice bodies and cause no toxicity and adverse
effects on organisms.

Tissue slice inspection. Results of 1.38 mM PAMNPs group were
similar with control group (Figure 6). The structure of mouse heart
tissue was normal, and there was no hyperemia and hydroncus in the
mesenchyme, as well as no infiltration of inflammatory corpuscles
such as lymphocytes, plasma cells, neutrophilic granulocytes and
eosinophil granulocytes. The structure of mouse liver tissue was
normal, and the structure of hepatic lobule is intact. Furthermore,
the liver cells showed no swelling, degeneration, necrosis, and infil-
tration of inflammatory corpuscles such as lymphocytes, plasma cells
and neutrophilic granulocytes, as well as no hyperplasia and expan-
sion. The germinal center of mouse spleen also showed no prolifera-
tion, haemorrhage and infiltration of inflammatory corpuscles. A
large amount of alveoli, alveolar ducts and alveolar sacs could be
seen, and the alveolar space was filled with gas and shows no sigh
of edema. There was also no sigh of lung congestion and infiltration
of inflammatory corpuscles on top of that. The structure of the kid-
ney was normal, and the renal tubule and renal glomerulus could be
seen. The size of renal glomerulus was normal as well, and the renal
tubule showed no inflammatory corpuscle and urinary cylinder.

Results of 138 mM PAMNPs group showed that the histological
structures of heart, liver and kidney were normal and were similar to
that of normal control mice, with the exception of slight prolifera-
tion, haemorrhage and infiltration of inflammatory corpuscles at the
germinal center of the mouse spleen. Large amounts of alveoli, alve-
olar ducts and alveolar sacs could be seen, and the alveolar space was
filled with gas without any sign of edema. Alveolar interval showed
mild broadening, and alveolar epithelial cells can be seen. The lung
also showed slight congestion and a little infiltration of inflammatory
corpuscles.

The histological toxicity test indicatet that the mice showed no
toxic symptom at normal dosing concentration (1.38 mM, 0.2 ml).
When the concentration was increased by 100 times (i.e. 138 mM,
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Figure 6 | Toxicity of PAMNPs to mice tissues. The histological structures of 1.38 mM group were similar with control group, while the histological
structures of spleen and lung changed in 138 mM group. There were a lot of red blood cells in spleen sinus and the spleen trabecular structural were
damaged (spleen: yellow arrow). The irregular blue in the interstitial showed the presence of inflammatory cell infiltration (lung: blue arrow).

0.2 ml), none of the mice died showing exceptional survival status.
Pathological inspection indicated slight alteration in lung and spleen.

Results inferred that, the circulation time of PAMNPs was long
enough for MRI. It could be metabolized in vivo and would cause no
toxic effect to organs at the working concentration.

Conclusion
In this work, PAMNPs with a long blood circulation time were
prepared based on the poly(acylic acid) (PAA)-coated magnetite
nanoparticles. The purpose of this paper was to evaluate the biocom-
patibility of PAMNPs, providing evidence for clinical benefits.
Blood compatibility of the PAMNPs was systemically investigated
by evaluating the hemolysis, plasma recalcification profiles, whole
blood clotting time, prothrombin time, releasing inflammatory cyto-
kine and complement system activation. Furthermore, toxicity to
vessel and vascular cells had been tested. In addition, the biodistribu-
tion and toxicity to tissues had also been discussed.

In summary, these results suggested that the PAMNPs have excel-
lent biocompatibility. It would not affect the hemocompatibility and
have no effect on the viability of HUVEC cells. Furthermore, it would
not stimulate the vascular and it showed no organ toxicity. In addi-
tion, PAMNPs had prolonged blood circulation time and could be
cleared from the body. All of these benefits showed the safety of
PAMNPs in vivo. We tentatively put forward that PAMNPs have
great potential to serve as contrast agents in magnetic resonance
imaging (MRI).
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