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A B S T R A C T   

Adsorption of low-density lipoprotein from plasma is vital for the treatment of dyslipidemia. Appropriate 
adsorbent material for efficient and selective adsorption of low-density lipoprotein is highly desired. In this work, 
we developed pollens-derived magnetic porous particles as adsorbents for this purpose. The natural pollen grains 
were modified to obtain high surface porosity, a large inner cavity, magnet responsiveness, and specific 
wettability. The resultant particles exhibited satisfying performance in the adsorption of a series of oils and 
organic solvents out of water. Besides, the particles were directly utilized to the adsorption of low-density li-
poprotein in plasma, which showed high selectivity, and achieved an outstanding adsorption capacity as high as 
34.9% within 2 h. Moreover, their salient biocompatibility was demonstrated through simulative hemoperfusion 
experiments. These features, together with its abundant source and facile fabrication, makes the pollens-derived 
magnetic porous particles excellent candidate for low-density lipoprotein -apheresis and water treatment 
applications.   

1. Introduction 

Cardiovascular disease (CVD) is one of the leading causes of mor-
tality and is greatly related to dyslipidemia, for instance, hypercholes-
terolemia. It has been well established that the elevated level of low- 
density lipoprotein (LDL) undertakes the major risk factor and is thus 
indicative of atherosclerosis [1–4]. Diet and drug therapy could regulate 
the cholesterol level of most hypercholesterolemia patients. However, as 
for those who are resistant to drug therapy or suffering from familial 
hypercholesterolemia, LDL-apheresis has become the most efficient 
method by decreasing the LDL level in plasma [5,6]. LDL-apheresis 
therapy is based on physical adsorption. Benefiting from its low side 
effects and pain attenuation in patients, it has received increasing 

interest in recent years [7,8]. The key to LDL-apheresis is the prepara-
tion of appropriate oil/water separating materials with desirable prop-
erties for LDL adsorption. During the past decades, a lot of oil/water 
separating materials have been developed to adsorb oils, organic com-
pounds, and superfluous lipids from complex oil− water mixtures, either 
immiscible blends or emulsions [9–11]. Among them, synthetic porous 
materials, such as aerogels (e.g. graphene sponge and carbon nanotube 
sponge), exhibit advantageous properties including high porosity, large 
surface area, stable durability, and most prominently, high adsorption 
efficiency for lipid, oil, and organic solvents [12–15]. Nevertheless, 
synthetic material suffers from the harmful precursors, complicated 
multi-step preparation procedures, and relatively high-cost raw mate-
rials and devices involved in the fabrication process, all of which have 
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dramatically hindered its large-scale production and practical applica-
tions. To overcome these limitations, many natural adsorbents such as 
expanded perlite, zeolites, and porous biomass, including wool fiber, 
activated carbon, and sawdust are constantly applied to treating oil− -
water blends due to their high porosity, simple fabrication, and abun-
dant source [16–21]. However, these materials still face the dilemma of 
low oil-water selectivity, insufficient adsorption capacity and poor 
recyclability, which severely suppress their utilization efficiency. In 
addition, most of these oil adsorbents are used in bulk, and their motion 
behaviors are largely limited, thus hampering the adsorption process 
[22–24]. These drawbacks, together with the unsatisfactory biocom-
patibility, make the current adsorbent materials hardly eligible in 
biomedical application scenarios. Therefore, it is strongly desired to 
design facile, accessible, and low-cost porous adsorbent materials for 
efficient separation of blood lipids. 

In this paper, we develop an ingenious porous adsorbent derived 
from natural biomass for separating oils, organic compounds, and LDL in 
blood. Biomass-derived functional materials are cheap, easily accessible, 
sustainable, and environmentally friendly. The natural pollen grains, 
characterized by their highly porous structure with numerous voids and 
high surface areas, play a role in protecting genetic information of plants 
from harsh environmental conditions [25–27]. Therefore, they are 
considered as favourable and extremely robust biomass candidates for 
preparing adsorption materials. Besides, as a typical example of exqui-
site naturally evolved material, pollen grains possess a large inner cav-
ity, which makes them terrific storage vehicles for the encapsulation of 
various substances. Furthermore, they are easy to obtain due to the 
endless supply and can be collected with great ease, thereby greatly 
reducing the production costs. Profiting by the above intrinsic superi-
orities, pollens-derived materials have been rifely applied in biomedical 
field, such as drug delivery, bioassay, and cell recognition [28–33]. 
Despite that tremendous progress have been made, their potential value 
in LDL adsorption and retention remains unexplored. 

We herein propose a magnetically actuated lacunaris pollen grains 
with a hollow structure and abundant macropores for adsorbing oils, 
organic solvents, and LDL in blood, as schemed in Fig. 1. Ordinary pollen 
grains possess a relatively intact surface with a few pores, and lack the 
ability of controllable motion, which limit their adsorption perfor-
mances. Therefore, we modified the natural pollen grains to meet the 
requirements for oil-water separation and lipid adsorption. Intriguingly, 
after a simple calcination pretreatment process, the pollen grains 

exhibited distinct polyporous features on the surface and a central cavity 
inside. It is worth mentioning that the resultant calcined pollen grains 
(CPGs) were amphiphilic and can be directly used for absorbing excess 
lipids in the blood. The adsorbents could be readily parted under mag-
netic field force for further multiple reuse after they were decorated with 
magnetic nanoparticles. The LDL level of plasma reduced by 34.9% after 
dynamic hemoperfusion after 2 h. Besides, through further modification, 
the CPGs were rendered hydrophobic and were employed as adsorbents 
for a variety of oil pollutants. The hydrophobic pollen grains (HPGs) 
were found that they could float on water for long, thus feasible for 
dealing with the oil slick problems. The adsorption tests revealed that 
the CPGs and HPGs possessed excellent adsorption capacity, with rela-
tively high selectivity, rapid adsorption, and stable reusability. These 
merits could be attributed to the pivotal impact of their large pore 
volumes and outstanding surface areas. Besides, the pollen shells 
showed a uniform network structure, which served as an excellent oily- 
liquid transmission channel. These features make the pollens derived 
magnetic porous particles ideal candidate for removing oil pollutants 
and blood lipids in practical applications. 

2. Experimental section 

2.1. Materials 

N-hexadecane (98%), acetone, dichloromethane, diiodomethane, 
Octadecyltrichlorosilane (OTS), and Sudan III were gained from Aladdin 
Industrial Corporation. Peanut oil and Golden Arowana® blend oil 
(cooking oil) were purchased from a supermarket in Southeast Univer-
sity. Diesel oil was obtained from Sinopec. The sunflower (Helianthus 
annuus) pollen grains were collected from natural sunflower. The 
ferromagnetic magnetic nanoparticles were purchased from Nanjing 
Nanoeast Biotech Co. LTD. Deionized water was purified in a Milli-Q 
system (Millipore, Bedford, USA) and was used for all experiments. 
Plasma sample was provided by healthy volunteers and hyperlipemia 
patients. 

2.2. Preparation of the CPGs and the HPGs 

The raw pollens were calcined at 800 ◦C for 12 h to obtain CPGs with 
porous and hollow structure. Then, 200 mg CPGs were added to 10 mL 
Fe3O4 magnetic nanoparticles dispersion of 100 mg/mL, with shaking 

Fig. 1. Schemes of the process of a simulative LDL-apheresis apparatus with CPGs used as the adsorbents. Based on the current clinically applied hemoperfusion 
technique, hyperlipidemia plasma is drawn from the human body and injected into the dialyzer, which is filled with the adsorbent CPGs. Due to the high porosity and 
hollow structure of these particles, as well as hydrophobicity, blood lipids can be absorbed into the voids. Generally, after manifold cycles, the purified and filtered 
low-lipemia plasma can be returned to the body. 
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for 1 h. A permanent magnet was used to test the magnetic adsorption 
effect. Subsequently, the magnetic CPGs were collected and dried. The 
magnetic CPGs were then added to a solution containing 1 vol% OTS in 
acetone with continuous shaking for 3 h to obtain the HPGs. 

2.3. Absorption experiments for oils and organic solvents 

Six types of oil/organic solvent-water mixture was prepared. The oils 
and organic solvents included peanut oil, golden arowana blend oil, 
diesel oil, hexadecane, acetone, and dichloromethane. 500 mg HPGs 
were cast onto the oil surface floating on water and allowed for 
adsorption for 10 min. Then, the adsorbents were taken out and 
weighed. The adsorption capacity of the HPGs for different pollutants 
were calculated according to Formula (1). The saturated HPGs were 
soaked in ethanol, followed by shaking for 1 h. Afterwards, a magnet 
was used to collect the HPGs and the remaining waste liquid was dis-
carded. The above operations were repeated 3 times to ensure that the 
HPGs were completely cleaned without the oil residue. Finally, the pu-
rified HPGs were dried and utilized for recycling. 

2.4. Absorption experiments for LDL from hyperlipemia plasma 

Static LDL adsorption test was performed in vitro to determine the 
adsorption and clearance capacity of CPGs. The human plasma sample 
from hyperlipemia patients was thawed initially in a 37 ◦C water bath. 
Then, CPGs (about 1 g in wet weight) were immersed in a 2 mL plasma 
containing LDL at a much higher level than the clinical normal value. 
Then they were incubated at 37 ◦C for 3 h and the supernatants were 
collected. LDL, TC, TG, and HDL levels of collected supernatants were 
measured by the full-automatic biochemical analyzer. Five replicates 
were averaged. Dynamic LDL adsorption test was performed in a 
hemoperfusion chip and a simulative hemoperfusion column. The chip 
was composed of Polydimethylsiloxane (PDMS) material fabricated by 
standard soft lithography. The internal cell of the chip was filled with 
CPGs. The hyperlipemia plasma was pumped into the catheter linked to 
the chip, and then flowed through the CPGs. As for the simulative 
hemoperfusion column, a 5-mL syringe was filled with 2 g dried CPGs. 
The hyperlipidemia plasma sample flowed through the adsorbent layer 
under gravity. Then five repeated adsorption procedures were con-
ducted and each lasted about 10 min. Normal saline was applied to flush 
the column after a plasma purification procedure. Finally, 2 mL of the 
treated plasma was sucked out for further measurement of lipid profile 
via the biochemical analyzer mentioned above. 

2.5. Characterization 

The microstructures of the raw pollens and the treated particles were 
characterized by the scanning electron microscope (SEM, Hitachi S3000 
N) with gold sputter coating, and the atomic concentration of the 
products was identified using energy dispersive spectrum (EDS) sup-
porting SEM. Blood-related indicators were measured by Cobas 8000 
full-automatic biochemical analyzer in Department of Clinical Labora-
tory of the Affiliated Drum Tower Hospital of Nanjing University Med-
ical School. The pore diameters were measured via the mercury 
injection apparatus (PoreMaster33GT, Quantachrome). The water con-
tact angle (WCA) and oil contact angle (OCA) were measured applying 
deionized water drop and diiodomethane droplet at room temperature, 
with a contact angle meter (Hitachi, CA-A). 

3. Results and discussion 

In a typical experiment, the CPGs were prepared from sunflower 
(Helianthus annuus) pollen grains after removing the impurities and 
calcination at 800 ◦C for 12 h. The raw sunflower pollen grains are 
microparticles with uniform size ranging from 30 to 40 μm and well- 
organized morphology consisting of nanoscale-spiny features and a 

small quantity of pores, as shown in Fig. S1. After high-temperature 
calcination, most of organic matter of the pollen grains were removed. 
Compared with raw pollen grains, the CPGs exhibited highly porous 
morphologies at the surface and a central hollow cavity inside, as shown 
in the SEM images in Fig. 2a and b. The shell of the CPGs displayed a 
uniform network structure, and this could serve as an excellent oily- 
liquid transmission channel, as well as providing high specific surface 
area. The shrinkage and pores-formation of the pollen were resulted 
from the removal of the organic matter in their cytoplasmic core, 
cellulosic intine layer, and the outermost exine layer containing the 
sporopollenin biopolymer after calcining. The in situ element analysis 
results (Fig. 2d) indicated that the calcined pollens are mainly composed 
of inorganic substances, including calcium, phosphorus, and potassium. 
Mercury Intrusion Capillary Pressure (MICP) was measured to deter-
mine the pore size distribution of the CPGs, as shown in Fig. 2e. The 
specific pores area was 1.68 m2/g. It can be concluded from the curve 
that the CPGs had a narrow pore-size distribution centralised in the 
0.5–3 μm range with a peak at 1.18 μm, demonstrating the presence of 
mesoporous in the CPGs. The high specific surface area and big holes are 
conducive to the adsorption course, providing more contact sites and 
faster adsorption rate. The porous structure and large surface area of 
these calcined particles allowed for the adsorption of Fe3O4 nano-
particles at the surface and interior of the CPGs (Fig. 2c), which 
endowed the CPGs with magnetic response property. As shown in the 
insets of Fig. 2f, the magnetic CPGs could be controlled to move toward 
one side of a vial by using a permanent magnet. Meanwhile, the results 
of EDS analysis also proved the increase of iron content in the sample 
(Fig. 2f). 

To impart CPGs with more applicative wettability characteristics, 
reinforced hydrophobic pollen grains (HPGs) were prepared through 
surface activation and Octadecyltrichlorosilane (OTS) modification. 
Contact angle were measured on both CPGs and HPGs applying deion-
ized water and diiodomethane using sessile drop method, as shown in 
Fig. 3. Thin layers of the CPGs were obtained through attaching their dry 
powder to a glass slide with a double-faced adhesive tape. As shown in 
Fig. 3a and b, the droplet quickly subsided into CPGs upon contacting 
the powder layer, thus it had no time to measure the static contact angle 
because of the rapid penetration. The value of water contact angle 
(WCA) of the magnetic CPGs was about 10.76◦ (Fig. 3c and d), indi-
cating a salient hydrophilic performance. Surprisingly, the oil contact 
angle (OCA) of the magnetic CPGs was 19.75◦ (Fig. 3e and f), which 
manifested the amphiphilic feature of the CPGs. The unmodified 
calcined porous pollen grains appeared white due to the removal of 
colored organic matter, while they turned into light brown after 
absorbing Fe3O4 nanoparticles. 

To further confirm this, we studied the wetting preferences of the 
CPGs at an oil-water interface in a vial. A mixture containing an upper 
layer of n-hexadecane and a lower layer of deionized water was prepared 
first, and CPGs were slowly released to the uppermost layer of each 
liquid surface. The CPGs did not maintain floating at the oil phase, but 
continued to sink across the oil-water interface, and finally settled to the 
bottom of the water layer (Fig. 3i and j). We then prepared another 
mixture containing an upper layer of water and a lower layer of chlo-
roform, and repeated the above operation. It was found that the CPGs 
deposited to the water-oil interface and remained pinned at the interface 
instead of submerging (Fig. 3k, l). It could thus be concluded that the 
CPGs possess water and oil amphiphilic properties, but they are 
comparatively more hydrophilic. This was consistent with the contact 
angle measurements. On the contrary, the WCA of the HPGs was 
measured to be 147.07◦, suggesting their absolute hydrophobic property 
(Fig. 3g and h). Fig. S2a presented that the water drop could stay on 
HPGs without significant change in over 5 min. Compared with the 
CPGs, the surface of HPGs possessed hydrophobic alkane chains after 
OTS modification. To take further advantage of their hydrophobicity, we 
used the HPGs to coat 5 μL water droplet, and formed the “liquid mar-
bles” (i.e. non-stick liquid drops wrapped by a hydrophobic powder). 
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The as-prepared liquid marbles were steady and kept intact even after 
being transferred onto a hydrophilic glass substrate or water surface, 
thus facilitating their applications in more complicated oil-water sepa-
ration, as shown in Figs. S2b and 2c. 

To verify the actual effects of the magnetic porous pollen grains for 
water purification, HPGs were utilized for adsorbing the surface oil on 
water. As shown in Fig. 4a, a glass culture dish containing red-dyed n- 
Hexadecane floating on water was prepared. The magnetic-incorporated 
HCPs were then added to the mixture. Fig. 4b–e showed the process of n- 
Hexadecane gathering around the particles and gradually being absor-
bed, and finally no colored organic solvent could be observed. Besides, 
the HPGs floated on the liquid surface for a long time and the whole 
adsorption process took approximately 30 s. At the last procedure, due 
to the existence of Fe3O4 nanoparticles, HPGs could be controllably 
moved to one side of the container with an external magnet (Fig. 4f). 
Thus, in the actual scene, the HPGs could be first cast onto the water 
surface at a random dispersion and then moved to the targets. This 
ability not only increases the adsorption efficiency, but also facilitates 
the collection and recovery of the adsorbents and their captured targets. 
Hence, the magnetic porous pollen grains are promising to remove toxic 
oily liquids in water treatment. 

To explore the adsorption capacity of the HPGs for various oily liq-
uids, several oil and organic solvent adsorption experiments were con-
ducted. The sorption capacity of the adsorbent was expressed as the 
amount of pollutant adsorbed divided by the amount of the adsorbent: 

Deq =
(we − w0)

w0
(1)  

where Deq is the sorption capacity of the adsorbent, we is the mass of the 
adsorbent at equilibrium, and w0 is the primary mass of the adsorbent. 
Fig. 4g presents the maximum oil adsorption capacity of the HPGs for 
different organic solvents and oils, respectively. The adsorption capacity 
for organic solvents were much higher than that of the oils selected. The 
adsorption capacity of the HPGs for oils and organic solvents ranged 
from 17.8 to 58.4 g/g and 13.9–22.3 g/g, respectively. The differences 
could be ascribed to the density, surface energy, and viscosity diversity 
of the oils and organic solvents. The adsorption ability of the HPGs was 
significantly improved compared with the hydrophobized raw pollen 

grains without calcination. The oil adsorption capacity variation could 
be explained that the adsorption mechanism can be ascribed to the 
spacial storage of oil across the interconnected pores at the surface to-
ward the interior cavity of the pollens, and this process relies on the 
capillary force. The capillary flow was strengthened by the oleophilic 
surface when the oils spread into the pores. Thus, the high porosity of 
the HPGs could provide more adsorption space compared with the raw 
pollen grains. In general, HPGs can take up these oils and solvents at 
13–59 times its own weight and their adsorption capacities are much 
higher than those of established absorbents derived from natural in-
organics and biomass, as listed in Table S1 [34–37]. Compared with 
synthetic absorption materials such as spongy graphene and carbon fiber 
aerogel, HPGs have lower capacity due to the relatively lower porosity 
and specific surface area. However, the naturally derived HPGs are su-
perior over other synthetic absorbents because of the low cost, abundant 
sources, and simple synthesis procedure. The conclusion drawn from the 
adsorption performances above is that the HPGs have great potential to 
be an outstanding adsorbent and can be utilized for the treatment of oily 
wastewater, removal of mechanical resid, cleaning of kitchen grease, 
etc. 

The recyclability and the removal efficiency of the HPGs absorbent 
play important roles in pollution control and environment protection. 
For this purpose, the repeatability of the HPGs for the adsorption and 
desorption of oil and organic solvents was tested for eight cycles. As 
illustrated in Fig. 5a–d, the adsorbed substance could be easily removed 
from HPGs by washing in ethanol. Following that, the recovered pristine 
HPGs were collected and subsequently dried under vacuum. Then the 
prepared particles could be repeatedly used. Fig. 5e presented that the 
HPGs’ absorption capacity for hexadecane could recover almost 100% 
after eight absorption− harvesting cycles. During the cycles, HPGs 
maintained the stability in size and structure, and there was no oil res-
idue inside. The outstanding stability and durable service life of HPGs 
not only avoided secondary pollution but also saved the adsorbent 
materials for repeated use. 

LDL plays the role of primary carrier for plasma cholesterol in 
mankind and one of the pivotal factors of the development of athero-
sclerosis. LDL-apheresis therapy is confirmed efficient for treating fa-
milial hypercholesterolemia patients and the group of people for whom 

Fig. 2. (a–c) SEM images of (a) the CPGs exhibiting their highly porous morphologies at the surface, (b) a central hollow cavity inside, and (c) the CPGs adsorbed 
with Fe3O4 nanoparticles. (d) EDS of the CPGs and their atomic concentrations. (e) Mercury injection curve and the corresponding pore size distribution curve of the 
CPGs, showing a well-defined characteristic pore size of 0.5–3 μm. (f) The EDS curves showing variations on Fe counts in the CPGs after adsorbing Fe3O4 nano-
particles. The insets showed strong magnetic responsiveness of the CPGs with Fe3O4 nanoparticles deposited. The pollen grains were dispersed in the solution and 
then collected to one side of a vial by a magnet. Scale bars are 1.5 μm in (a–c) and 4 cm in (f). 
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the diet or medication cannot work. It is a technique in forms of extra-
corporeal lipoprotein elimination, where the key lies in the appropriate 
adsorbents. In this work, the CPGs were chosen as novel LDL adsorbents, 
due to their superior amphipathic feature. A static and dynamic LDL 
adsorption test were carried out in vitro to determine the adsorption and 

clearance capacity of the CPGs for the hyperlipidemia plasma. Fig. 6a 
illustrated the time-dependent adsorption profiles of CPGs regarding the 
removal of LDL, high-density lipoprotein (HDL), triglyceride (TG), and 
cholesterol (TC). Approximately 29.7% of LDL in plasma was eliminated 
by CPGs in the initial 1 h. As for HDL, the adsorption efficiency of CPGs 

Fig. 3. Water and oil contact angle measurements of the CPGs and HPGs. (a) The CPGs have a hydrophilic surface and can be wetted by water droplets. (b) The image 
showing the water droplet immediately penetrated the CPGs layer. (c–f) Photographs of the magnetic CPGs absorbed with Fe3O4 nanoparticles and their state of 
being wetted by (c) deionized water, and (e) diiodomethane. The corresponding (d) WCA value was 10.76◦, and the (f) OCA value was 19.75◦. (g, h) After treatment 
with OTS, the resultant HPGs become hydrophobic with an WCA value of 147.07◦. (i–l) Pictures showing the CPGs’ amphipathic performance. (i, j) The upper layer 
was red-dyed n-hexadecane and the lower layer was deionized water. (k, l) The upper layer was deionized water and the lower layer was a red-dyed chloroform. The 
arrows indicated the location of the CPGs. The scale bars are 1 cm in (a, c, e, and g). 

Fig. 4. (a–f) Photographs illustrating the adsorption stages of n-Hexadecane (red-dyed by Sudan III) floating on the water surface by using HPGs. The adsorbed n- 
Hexadecane-HPGs complexes could be controllably dragged to one side with an external magnet. (g) Absorption capacities of HPGs for typical oils and organic 
solvents, including diesel, blend oil, peanut oil, and hexadecane, acetone, dichloromethane, respectively. 
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was around 8.3%, suggesting that the CPGs could effectively remove 
LDL without significant adsorption of HDL, and meet the clinical 
requirement for lipid reduction. The adsorption reached a plateau after 
2.5 h’ adsorption. The results revealed that the CPGs had definite 
adsorption selectivity for LDL removal, with an adsorption capacity of 
around 8.65 mg/g. Interestingly, the adsorbed amount of TC and TG was 
larger than that of LDL, which might because of the higher original 
levels of the two in the plasma sample. We investigated the adsorption 
selectivity of the CPGs using a simplified column model and a hemo-
perfusion chip, as shown in Fig. 6b and c. The chip was made of PDMS 
material fabricated by standard soft lithography. The adsorbents CPGs 
was loaded in the internal cell of the chip. The hyperlipemia plasma was 
injected into the catheter linked to the chip, and then flowed through the 
CPGs. As for the simulative hemoperfusion column, a 5-mL syringe was 
filled with 2 g dried CPGs to form an adsorption column. Then five 
repeated adsorption procedures were conducted and each lasted about 
10 min. The hyperlipidemia plasma sample flowed through the 

adsorbent layer filled with CPGs under gravity. As shown in Fig. 6d, the 
adsorption percentage of LDL in plasma increased from 29.8% to 33.6% 
while that of HDL displayed a slight fluctuation. The adsorption capacity 
of the CPGs in the dynamic adsorption test was about 12.87 mg/g after a 
50-min simulative hemoperfusion treatment. We thus anticipate that, 
with a longer treatment time (for example, as long as 3 h in real clinical 
practice), greater adsorption clearance and capacity would be achieved. 
The extraordinary adsorption performance could be attributed to the 
increased amount of adsorption sites brought by the high porosity and 
good amphipathy of these porous particles. 

To confirm the hemocompatibility of the CPGs, we evaluated the 
hemolysis ratio (HR), anticoagulation, and platelet adhesion. The CPGs 
were incubated with blood obtained from healthy volunteers, and the 
value of HR, prothrombin time (PT), activated partial thromboplastin 
time (APTT), and thrombin time (TT) of the sample were measured. 
Table 1 demonstrated the value was within the clinical limits, indicating 
a good hemocompatibility of the CPGs. In addition, the platelet adhesion 

Fig. 5. (a–d) Photographs showing the recycle procedures of HPGs for the adsorption and desorption of hexadecane. (a) The HPGs absorbed saturated n-hexadecane 
were immersed in ethanol. (b) Gradually, the red-dyed organic solvent was dissolved out. (c) Afterwards, a magnet was used to collect the HPGs and the remaining 
waste liquid was discarded. (d) The completely cleaned HPGs were dried for recycling use. (e) The repeatability test of the HPGs for the hexadecane adsorption for 
8 cycles. 

Fig. 6. CPGs for the LDL adsorption in plasma. (a) 
The time-dependent static adsorption curve illus-
trating the adsorption capacity of CPGs for TG, TC, 
LDL, and HDL in hyperlipidemia plasma. (b) The 
dynamic adsorption test conducted in a hemoperfu-
sion chip. The arrows indicated the inlet, outlet of the 
chip, and the direction of liquid flow. (c) The simu-
lative hemoperfusion column for LDL adsorption. (d) 
The dynamic adsorption graph for LDL, HDL, TG, and 
TC removal by CPGs in five cycles. Scale bars are 1 cm 
in (b), and 2 cm in (c).   
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assay was conducted. Fig. S3 shows the optical microscopic images of 
platelet adhesion when 100 mg of the CPGs were added to 1.0 mL 
platelet-rich plasma, and the platelets were not significantly activated. 
All these tests suggested the potential clinical application for LDL 
removal from plasma. 

4. Conclusion 

In summary, we have successfully developed a pollen grains-derived, 
magnetic porous material for oil pollutants and LDL adsorption. The 
pollen grains after calcination treatment exhibited large pore volumes 
and abundant surface areas, and Fe3O4 nanoparticles could be incor-
porated via physical adsorption to generate magnetic responsiveness 
feature. Then the magnetic calcinated pollen grains were treated hy-
drophobic. The resultant particles demonstrated excellent oils/organic 
solvents adsorption performance, with a highly-efficient and selective 
adsorption capacity achieved, compared with those of established ab-
sorbers derived from representative natural inorganics and biomass. 
Besides, the adsorption capacity of the particles remained unchanged 
after more than 8 adsorption cycles. In addition, the simple calcined 
pollen grains exhibited biocompatible properties in blood, and an ideal 
adsorption capacity of LDL. Given its excellent reusability and dura-
bility, the novel pollen-derived, magnetic porous material is promising 
for oil-water separation, safe blood lipid adsorption in plasma, and the 
associated biomedical applications. 
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