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 ABSTRACT 

The effective drug treatment of rheumatoid arthritis (RA) is hindered by poor

delivery efficiency to the diseased site and the serious side effects caused by 

wide-spread drug distribution. Traditional drug-targeting strategies, such as 

ligand modification, are complex, laborious, and inefficient. Inspired by the

intrinsic relationship between platelets and RA, platelet-mimetic nanoparticles 

(PNPs) were developed for targeted drug delivery in RA. Through platelet

receptor-mediated adhesion, an intact platelet membrane was coated onto poly

(lactic-co-glycolic acid) nanoparticles, endowing the resulting PNPs with various

functional receptors. By coating with platelet membranes, the nanoparticles 

were stabilized and had a better circulation profile, providing a benefit for

passive targeting. In vitro binding of PNPs to inflamed endothelium, and in vivo

accumulation in joints of a collagen-induced arthritis (CIA) mouse model of RA 

were significantly improved via P-selectin and GVPI recognition, indicating that

the PNPs could effectively target to RA tissues through multiple mechanisms,

similar to natural platelets. Moreover, FK506, a model drug, was loaded into the

PNPs and used to treat RA. Pharmacodynamic studies demonstrated that the

FK506-PNPs had a notable anti-arthritic effect in CIA mice. This study provides a

new biomimetic targeting strategy with great potential for the treatment of RA.

 
 

1 Introduction 

Rheumatoid arthritis (RA) is one of the most common 

chronic autoimmune inflammatory disorders, leading 

to persistent inflammatory destruction of multiple 

joints, cartilage, and bone, even resulting in loss of joint 

function and severe disability [1]. The worldwide 

prevalence of RA has been estimated to be 1%, and 

there is a dramatic increase in its morbidity [2]. RA is 

a severe immune-mediated disease, and there is still 
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no cure for it. To reduce the signs and symptoms, 

patients have to follow long-term administration  

of anti-rheumatic drugs. These drugs are basically 

divided into four categories: disease-modifying anti- 

rheumatic drugs (DMARDs), glucocorticoids (GCs), 

nonsteroidal anti-inflammatory drugs (NSAIDs), and 

biologic drugs [3]. Despite remarkable progress   

in the clinical treatment of RA over the years, the 

therapeutic effect is still unsatisfactory because of 

poor drug accumulation at the inflamed site. In 

addition, the drugs commonly have severe, and even 

life-threatening side effects due to their non-specific 

distribution and long-term administration [3]. Therefore, 

novel drug delivery approaches are required to improve 

the targeting of therapeutic agents to effectively tackle 

these problems.  

Some nanoscale drug delivery systems (DDS) have 

been explored for drug targeting in RA. Studies have 

shown that the submicron “gaps” between endothelial 

cells also exist in the RA synovium vasculature, leading 

to enhanced permeability of the diseased joint [4], 

similar to the well-known enhanced permeability and 

retention (EPR) effect in tumors. In this regard, nano-

particles could be widely used for drug delivery in RA, 

since they could effectively leak through the “gaps” 

and reach the inflamed joints. To further enhance the 

active targeting of nanoparticles, the most common 

approach is through ligand modification, using such 

ligands as folate [5], hyaluronic acid [6], and the RGD 

peptide [7]. These ligands can specifically bind to 

RA-associated cells, guiding nanoparticles to the RA 

site [8]. However, this chemical approach is complex, 

laborious, and inefficient. Since RA involves complex 

biological processes, the use of a single ligand limits 

the ability to guide nanoparticles. In addition, the 

currently used chemical modification process is com-

plicated, which makes it infeasible for decorating 

nanoparticles with multiple ligands. Recently, the use 

of cell membrane-camouflaged nanoparticles, inspired 

by a biomimetic strategy, has emerged as a novel 

method to solve this bottleneck, and has aroused 

increasing attention [9]. These nanoparticles offer a 

simple and direct “Trojan horse” means to take 

advantage of the natural properties of various cells, 

including erythrocytes [10, 11], leukocytes [12], platelets 

[13–15], and even cancer cells [16], thereby promoting 

the therapeutic efficacy of the nanomedicine. By 

disguising the nanoparticle with a “uniform” made 

from a cell membrane, various functional proteins 

can be decorated onto the artificial nanoparticles, 

providing multiple pathways for the nanoparticles to 

take part in physiological and pathological processes. 

For example, erythrocyte membrane-camouflaged 

nanoparticles have been demonstrated to have an 

enhanced blood circulation time, which was ascribed 

to the presence of several RBC membrane proteins 

[17]. Nanoporous silicon particles coated with leukocyte 

membranes have been shown to be able to transport 

their payload across an inflamed endothelium and 

improve drug accumulation in tumors [12]. Compared 

with chemical modification, a cell-membrane cloaking 

technology can provide multiple functional molecules 

and ligands, using a much simpler process, and 

therefore could be a promising approach for drug 

targeting in RA. 

Platelets are anucleated blood cells derived from 

megakaryocytes, which are abundant in the blood. 

The best-known function of platelets is to preserve 

the integrity of the vasculature and prevent bleeding 

[18, 19]. Besides their effect on hemostasis, unexpectedly, 

it has also been proven that platelets have important 

immunological and inflammatory functions [20]. In 

this regard, activated platelets can be found in the 

inflamed joint regions of RA patients, and act as an 

active player in the pathogenesis of RA. Mechanistically, 

platelets could amplify the inflammation in RA via 

the production of proinflammatory microparticles, 

which can elicit cytokine responses from fibroblast-like 

synoviocytes (FLS) via interleukin-1 production [21]. 

Highly abundant platelet microparticles (~ 100– 

1,000 nm) have been observed in synovial fluid 

samples from RA patients [21]. Besides passive leakage, 

the intermolecular interactions between activated 

platelets and inflammatory synovial tissues contribute 

significantly to the accumulation of platelet com-

ponents in the inflamed joint in RA. CD44, a cell- 

surface glycoprotein, is up-regulated in inflamed 

synovial tissue cells (including macrophages, lym-

phocytes, lining cells, and fibroblasts) in RA, and the 

level of CD44 is related to the degree of synovial 

inflammation [22–24]. Activated platelets over-express 

P-selectin on their cell membranes, which binds 
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specifically to CD44 [25]; in addition, glycoprotein VI 

(GPVI), also on the platelet membrane, can interact 

with collagen IV [13], an abundant intercellular com-

ponent in synovial tissues [4]. Consequently, platelet- 

mimetic nanoparticles might effectively facilitate RA 

targeting through multiple natural pathways. 

Inspired by the intrinsic relationship between 

platelets and RA, we developed platelet membrane- 

coated poly(lactic-co-glycolic acid) (PLGA) nano-

particles (PNPs) for targeted drug delivery in RA 

(Scheme 1). By using platelet membranes, rather 

than platelets themselves, the targeting ability of  

the membrane proteins is retained intact, and the 

inflammatory component of the platelet can be 

eliminated. Here, the physicochemical characteristics 

of these PNPs were evaluated, and pharmacokinetic 

experiments were performed to assess the half-life  

of PNPs in circulation. The ex vivo tissue distribution  

of PNPs was also evaluated. The specific CD44 and 

collagen-targeting capability of these PNPs was 

confirmed both in vitro and in vivo, using a confocal 

imaging system and a near-infrared fluorescence (NIRF) 

imaging system. FK506, a potent immunosuppressive 

agent used for the treatment of RA patients failing 

methotrexate treatment, was used as a model drug 

and loaded into the PLGA nanoparticles by a nano-

precipitation process. For pharmacodynamic studies, 

the FK506-loaded PNPs were systemically administered 

to CIA mice to assess their anti-arthritic effect, 

using the arthritis index (AI), micro-CT imaging, and 

histological examinations as measures of efficacy. The 

safety of the PNPs was evaluated in vivo through 

hematology analysis and histological examination. 

2 Experimental 

2.1 Materials and animals 

Prostaglandin E1 (PGE1) and FK506 were purchased 

from MedChemexpress (Monmouth Junction, NJ, USA). 

Protease inhibitors were purchased from Pierce 

Biotechnology Inc. (Rockford, IL, USA). Carboxyl 

 

Scheme 1 Schematic illustration of the targeted delivery of PNPs to the inflamed joint in RA. (a) Process used for the preparation of
platelet membrane-coated PLGA nanoparticles. (b) Targeted delivery of PNPs in the inflamed joint via enhanced permeability and
specific binding of PNPs to collagen and overexpressed CD44 on some cells of the inflamed joint tissue. 
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group-terminated 50:50 poly(lactic-co-glycolic acid) 

(PLGA-COOH) was purchased from Lactel Absorbable 

Polymers (Pelham, AL, USA). FK506 enzyme linked 

immunosorbent assay (ELISA) kits were purchased 

from Abnova Co., Ltd. (Taiwan, China). 1,1’- 

dioctadecyl-3,3,3’,3’–tetramethylindodicarbocyanine, 

4-chlorobenzenesulfonate salt (DiD) and 1,1’- 

dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine 

iodide (DiR) were obtained from Fanbo Biochemical 

Co., Ltd. (Beijing, China). Collagen IV was purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Bovine 

type II collagen (CII), complete Freund’s adjuvant 

(CFA), and incomplete Freund’s adjuvant (IFA) were 

all obtained from Chondrex, Inc. (Redmond, WA, 

USA). Carboxyfluorescein diacetate succinimidyl 

ester (CFDA-SE) and 4’,6-diamidino-2-phenylindole 

(DAPI) were purchased from Beyotime Biotechnology 

(Nantong, China). Pure water was produced from 

Milli-Q Integral (Merck, Germany). All other reagents 

were from Sinopharm Chemical Reagent Co. Ltd. 

(Shanghai, China). 

Male SD rats (300–350 g), male ICR mice (20–22 g), 

and male DBA/1 mice (7 weeks old) were purchased 

from Sino-British SIPPR/BK Lab. Animal Co., Ltd. 

(Shanghai, China). All animal experiments were 

performed in accordance with the Guiding Principles 

for the Care and Use of Experimental Animals at 

Fudan University (Shanghai, China). The protocol of 

the animal experiments was approved by the Animal 

Experiment Ethics Committee of Fudan University. 

2.2 Platelet isolation and membrane deviation 

Platelets were isolated through differential cen-

trifugation of whole blood, as previously described 

[13]. Briefly, whole blood was collected from SD rats 

via puncture of the abdominal aorta, using ethylene-

diaminetetraacetic acid (EDTA) as the anticoagulant. 

The blood was first centrifuged at 200 × g for 20 min 

at 22 °C (with no brake) to separate red and white 

blood cells. The supernatant was collected and 

spun at 100 × g for a further 20 min to pellet the 

contaminating red and white blood cells. To prevent 

platelet activation, 1 × PBS buffer containing 1 mM 

EDTA and 2 μM PGE1 was added to the resulting 

supernatant (platelet-rich plasma, PRP), and the 

platelets were then collected by centrifugation at  

800 × g for 20 min at 22 °C. Finally, the platelets were 

resuspended in 1 × PBS containing 1 mM EDTA and 

protease inhibitors. Platelet morphology was observed 

using a light microscope (ECLIPSE Ci, Nikon, Japan). 

The platelet suspension was counted using an automatic 

hematology analyzer (ADVIA 120 Hematology System, 

Siemens-Bayer, Germany) and then stored at −80 °C. 

Platelet membranes were extracted using a freeze- 

thaw process that was repeated seven times in total. 

Briefly, the platelet suspensions were frozen in liquid 

nitrogen, thawed in a water bath at room temperature, 

and then spun at 8,000 × g for 10 min at 4 °C. After 

repeated washes with 1 × PBS solution containing 

protease inhibitors, the purified platelet membrane 

preparation was resuspended in water for further use. 

2.3 Preparation of PNPs 

FK506-loaded nanoparticle cores were first prepared 

by a nanoprecipitation process. Briefly, 5 mg of 

PLGA-COOH and 0.5 mg of FK506 were dissolved in 

0.5 mL of acetone, and then the solution was injected 

into 1 mL of pure water. The mixture was placed in a 

vacuum at room temperature for 2 h to evaporate the 

acetone, and finally 5 mg·mL−1 of PLGA nanoparticle 

solution was obtained. The resulting NP solution was 

then filtered using an ultrafiltration centrifuge filter 

(molecular weight cutoff, 10 kDa). DiD or DiR dye- 

labeled PLGA nanoparticles (DiD-NPs or DiR-NPs) 

were prepared by the same nanoprecipitation process 

as described above, except that 0.5 mg of FK506 was 

replaced with 5 μg of DiD or DiR. 

To prepare PNPs, the resulting PLGA nanoparticle 

solution was mixed with an equal volume of platelet 

membrane solution (1.5 × 1010 platelets·mL−1) and 

sonicated for 3 min at room temperature using a bath 

sonicator (SG5200HE, Gutel, China) to fuse the platelet 

membrane onto the drug or dye-loaded nanoparticle 

cores [13]. 

2.4 Characterization of PNPs 

The mean particle size, polydispersity index (PDI), 

and zeta-potential of platelet vesicles, NPs, and PNPs 

were determined using a dynamic light scattering 

(DLS) detector (Zetasizer, Nano-ZS, Malvern, UK). The 

morphology, size, and structure of the PNPs were 
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further examined by transmission electron microscopy 

(TEM, Tecnai G2 F20 S-Twin, FEI, USA). The samples 

were immobilized on carbon-coated copper grids and 

negatively stained with uranyl acetate (1%, w/v).  

After platelet membrane coating, PNPs were 

centrifuged at 18,000 × g at 4 °C for 20 min. The amount 

of free FK506 in the supernatant was determined 

using an FK506 ELISA kit. After the supernatant was 

discarded, the PNPs in the deposit were lyophilized 

and weighed. The encapsulation efficiency (EE) and 

loading capacity (LC) were calculated using the 

following formulae 


 

Drug imput Free drug
EE (%) 100%

Drug imput
       (1) 


 

Drug imput Free drug
LC (%) 100%

NPs
       (2) 

2.5 Platelet membrane protein analysis 

The platelet membrane proteins present in PNPs 

were assessed by an SDS-PAGE electrophoresis assay. 

Briefly, PNPs were first spun down by centrifugation 

at 16,000 × g in 10% sucrose for 30 min. Following 

this, the membrane proteins present in the PNPs 

were extracted using a Membrane Protein Extraction 

Kit (Thermo Fisher Scientific, USA) and separated by 

electrophoresis on SDS-PAGE gels. Isolated platelets 

and purified platelet membranes were used as controls, 

and all samples were normalized for equal protein 

concentrations by the Bradford method. Two typical 

RA targeting-associated proteins, GPVI and P-selectin, 

were further examined by Western blotting. Primary 

antibodies, including sheep anti-mouse GPVI (R&D 

Systems, USA) and rabbit anti-mouse P-selectin 

(BioVision, USA) were used to stain GPVI and P-selectin, 

respectively. A donkey anti-rabbit IgG–horseradish 

peroxidase (HRP) conjugate (Jackson ImmunoResearch, 

USA) and a donkey anti-sheep IgG–HRP conjugate 

(Jackson ImmunoResearch) was used for secondary 

staining, respectively. 

2.6 Analysis of stability of PNPs 

The stability of PNPs in serum was measured by 

monitoring the ultraviolet absorbance at 560 nm, 

based on a previously published protocol [26]. Briefly, 

nanoparticles were suspended in fetal bovine serum 

(FBS) at a final nanoparticle concentration of 1 mg·mL−1. 

The nanoparticles were then incubated at 37 °C and 

150 rpm. Absorbance measurements were conducted 

in triplicate using a microplate reader (Infinite 200 

PRO, Tecan, Switzerland) at different time points (0, 

5, 15, 30, 45 min, and 1, 2, 4, 6, and 12 h) over a period 

of 12 h. Moreover, the stability of PNPs in PBS was 

also assessed. Briefly, PNPs were dispersed in 1 × PBS, 

and their average size was measured by DLS every 

day for 6 days. The EE of PNPs in PBS was also 

monitored every day for 6 days. 

2.7 Analysis of in vitro drug release 

Ten microliters of PNPs (1 mg·mL−1) and 1 mL of 

release medium (1 × PBS containing 0.5% Tween 80 

and 10% FBS) were added to a 1.5-mL EP tube, which 

was incubated at 37 °C and 100 rpm. Aliquots (n = 3) 

were withdrawn at regular intervals (0.5, 1, 2, 6, 12, 

24, 36, 48, 72, and 96 h) and centrifuged at 18,000 × g 

for 20 min at 4 °C. The FK506 concentration in the 

supernatant was analyzed using an FK506 ELISA kit 

per the manufacturer’s instructions. The accumulated 

drug release from the PNPs was plotted against time. 

2.8 Cell culture 

The human rheumatoid arthritis synovial cell line 

(MH7A) was a kind gift from Dr. Xiaoyan Shen, 

Fudan University (Shanghai, China). The cells were 

cultured in Dulbecco’s Minimum Essential Medium 

(Corning, NY, USA) supplemented with 10% fetal 

bovine serum (Gibco, NY, USA), 1% penicillin (100 

IU·mL−1, Corning), and streptomycin (100 μg·mL−1, 

Corning).  

2.9 In vitro binding test 

As previously described [13], collagen IV (Sigma- 

Aldrich, USA) was reconstituted in 0.25% acetic acid 

to a concentration of 2 mg·mL−1. Following this, 500 μL 

of the collagen solution was added to a glass-bottomed 

cell culture dish and incubated in a fume hood 

overnight to remove the solvent. The collagen-coated 

cell culture dish was then used to seed the MH7A 

cells, which were cultured for 24 h. The dish was 

then incubated with 1 mg·mL−1 DiD-labeled PNPs  
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(DiD-PNPs) at 4 °C for 5 min, and then washed three 

times with 1 × PBS. The cell nuclei were stained with 

5 μg·mL−1 DAPI for 15 min, and then washed three 

times with 1 × PBS. The cell cytosol was stained with 

5 μg·mL−1 CFDA-SE for 15 min, after which cell staining 

was stopped by the addition of cell culture medium. 

The sample was fixed in 4% paraformaldehyde for 

30 min at room temperature, and observed by confocal 

microscopy (Carl Zeiss LSM710, Germany).  

2.10 Establishment of the RA induction model 

The CIA animal model was established in DBA/1 

mice per the manufacturer’s instructions (Chondrex, 

USA). Briefly, bovine type II collagen was dissolved 

in 0.1 M acetic acid at 4 °C (2 mg·mL−1) and then 

emulsified with an equal volume of CFA containing 

2 mg·mL−1 Mycobacterium tuberculosis. Mice were then 

immunized subcutaneously at the base of the tail 

with 100 μL of the emulsion. On day 21 after primary 

injection, the mice received a booster injection with 

collagen II emulsified in IFA. 

2.11 Pharmacokinetic analysis of PNPs 

Pharmacokinetics experiments were performed on 

male ICR mice (20–22 g). To monitor the circulation 

half-life of PNPs, 200 μL of DiD-PNPs were injected 

into the tail vein of the mice. Fifty microliters of 

blood was collected by cheek pouch puncture at 1, 5, 

15, 30 min, and 1, 3, 8, and 24 h following injection. 

As a comparison, DiD-NPs containing the same dose 

of DiD was also tested in parallel. Each experimental 

group had five mice. The collected blood samples 

were diluted with 50 μL of 1 × PBS in a 96-well plate 

before fluorescence measurement (640/670 nm). 

2.12 In vivo imaging and ex vivo tissue distribution 

of PNPs 

The in vivo accumulation of PNPs at the arthritis 

joints was visualized by NIRF imaging. Briefly, 

DiR-labeled PNPs (DiR-PNPs) were injected into the 

tail vein of normal DBA/1 or CIA mice in order to 

observe the biodistribution of PNPs in vivo. The NIRF 

images were obtained at five different time points 

(1, 2, 6, 12, and 24 h) after injection, using an in vivo 

imaging system (IVIS Spectrum, Caliper, USA). To 

examine the ex vivo tissue distribution of PNPs, the 

major organs and joints were dissected from CIA 

mice 24 h after DiR-PNPs injection and imaged using 

an in vivo imaging system. The tissue distribution of 

the PNPs was quantified by measuring the average of 

the NIRF intensity in the regions of interest (ROI), 

using the living image software. 

2.13 Analysis of localization of PNPs in inflammatory 

synovial tissue 

To examine the localization of PNPs in inflammatory 

synovial tissue, DiD-PNPs were injected intravenously 

into the tail vein of CIA mice. Normal mice were 

used in parallel as a control. Two hours later, the 

mice were sacrificed, and the synovial tissue was 

removed, fixed in 4% paraformaldehyde for 24 h, and 

dehydrated in a 30% sucrose solution until subsidence. 

Frozen sections of 10-μm thickness were prepared 

and blocked with 10% BSA at room temperature for 

subsequent immunostaining. CD44 and collagen were 

labeled with a rabbit polyclonal anti-CD44 antibody 

(1:1,000; Abcam, USA) and a rabbit polyclonal anti- 

collagen IV antibody (1:1,000; Abcam), respectively. 

Afterwards, the slices were treated with an Alexa 

Fluor 555-labeled donkey anti-rabbit IgG (1:1,000; 

Invitrogen, USA). DAPI was used to stain nuclei. The 

fluorescence images were visualized with a confocal 

microscope (Carl Zeiss LSM710, Germany). 

2.14 Analysis of in vivo therapeutic efficacy 

One week after the second immunization, mice with 

disease onset (AI > 3) were randomly assigned to four 

groups (five mice per group) and were intravenously 

administered with saline, free FK506 (an aqueous 

solution containing 6% cremophor EL and 6% ethanol), 

FK506-NPs, or FK506-PNPs at an FK056 dose of     

1 mg/kg body weight once every other day for 2 weeks. 

Healthy DBA/1 mice without any treatment were 

used as a negative control group. 

Paw inflammation was scored visually every other 

day based on the published standard as follows [27]: 

0 = normal paw; 1 = one toe inflamed and swollen; 2 = 

more than one toe, but not entire paw inflamed and 

swollen, or mild swelling of entire paw; 3 = erythema 



 

 | www.editorialmanager.com/nare/default.asp 

6092 Nano Res. 2018, 11(11): 6086–6101

and moderate swelling extending to entire paw; and 

4 = most severe erythema and swelling for the whole 

paw and ankle. Each paw was graded with a score 

from 0 to 4, creating an arthritis score on a scale of 

0–16 for each individual mouse. 

2.15 Micro-computed tomography (Micro-CT) 

analysis 

After treatment, the therapeutic efficacy of the PNPs 

was analyzed by micro-CT, as previously described 

[7, 28, 29]. Briefly, the isolated hind paws from each 

mouse were fixed in 4% paraformaldehyde for 24 h, 

and then scanned using a micro-CT imaging system 

(Skyscan 1176, Beckman Coulter, USA). The micro-CT 

scanning parameters were as follows: Voltage, 50 kV; 

current, 497 μA; resolution, 18 μm; and aluminum 

filter, 0.5 mm. Scanned images were reconstructed into 

three-dimensional structures using CT-Vol software 

(Skyscan), and these images were further analyzed 

using CTvox Version 2.7 software (Skyscan) to produce 

a visual representation of the data.  

2.16 Histological analysis 

The mice were sacrificed at the end of the treatment, 

after which hind paws were removed for histology. 

Specifically, the paws were fixed in 4% parafor-

maldehyde for 48 h, and then decalcified with PBS 

containing 15% EDTA at room temperature. Once 

decalcification was complete, the samples were washed 

with water, dehydrated again with a graded ethanol 

series, and embedded in paraffin. Tissues were sliced 

into 4-μm-thick sections and stained with hematoxylin 

and eosin (H&E). Images of the sections were obtained 

by optical microscopy. For immunohistochemical 

analysis, sections were incubated with specific 

antibodies directed against TNF-α, IL-1β, or IL-6 

followed by incubation with the appropriate secondary 

antibodies.  

2.17 Analysis of in vivo safety of PNPs 

To assess the biocompatibility of PNPs, ICR mice (n = 

6) were injected with 200 μL of PNPs (2.5 mg·mL−1) 

every other day for a week. Following this, whole 

blood was collected using an anticoagulation tube  

24 h after the last treatment and examined using an 

automatic hematology analyzer. Mice receiving an 

equivalent volume of PBS were treated in parallel for 

comparison.  

To evaluate the potential toxicity of FK506-PNPs, 

CIA mice were sacrificed after treatment, and the 

liver, spleen, and kidney were harvested. The tissues 

were fixed in 4% paraformaldehyde for paraffin 

sectioning followed by H&E staining to evaluate the 

histopathological changes due to toxicity. 

2.18 Statistical analysis 

Values are presented as the mean ± SD, or the mean ± 

SEM, as indicated, and the data were analyzed using 

GraphPad Prism 6.0 (GraphPad Software, CA, USA). 

Differences were assessed by a one-way analysis of 

variance followed by Newman–Keuls post-hoc test 

for multiple groups and a Student’s t test between 

two groups. A value of P < 0.05 was considered to 

indicate statistical significance. 

3 Results and discussion 

3.1 Platelet isolation and membrane purification 

Before platelet isolation, whole blood was anti- 

coagulated with EDTA to prevent platelet aggregation. 

The platelets were isolated from rat whole blood by 

differential centrifugation, and strong mechanical forces 

were avoided to prevent platelet activation. Furthermore, 

PEG1 was added as a platelet activation inhibitor. 

Under a light microscope, the isolated platelets were 

visible as small round highlights. The final platelet 

suspension was counted using an automatic hematology 

analyzer, resulting in a yield of 5 × 108 platelets·mL−1 

rat blood. The hematology analysis revealed that there 

was almost no contamination with other blood cells 

(Table S1 in the Electronic Supplementary Material 

(ESM)). The platelet membrane was purified by 

punching the platelets through repeated freeze-thaw 

and centrifugation.  

In the event that a scale-up isolation of platelet 

membranes is required, there is a reliable source of 

platelets; platelet transfusions have been in medical 

use since the 1950s [30], and are extensively used to 

treat or prevent bleeding in the clinic. In addition, 

increasing number of studies have shown the 
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biointerface between platelets and various diseases 

[15]. Platelets have many unique biological functions, 

having a great potential as an ideal biomaterial for 

drug delivery in translational medicine. 

3.2 Characterization of PNPs 

Platelet membranes can be fused onto the surface  

of PLGA NPs (Scheme 1(a)) by water-bath sonication 

for a short time, as has previously been reported 

[13]. The average hydrodynamic diameter of the 

resultant PNPs was determined to be 122.3 nm by 

DLS (Fig. 1(a)). The NPs had a narrow size distri-

bution, while the PDI value of PNPs were slightly 

larger, probably due to the presence of the platelet 

membranes (Fig. 1(b)). After platelet membrane 

coating, the zeta potential value of the NPs (−42.5 mV) 

increased to −24.7 mV, which was similar to that of 

the surface charge of platelet membrane vesicles  

(−25.6 mV) (Fig. 1(c)), suggesting a successful coating 

of platelet membranes on the NPs. These results 

revealed that the final PNPs were about 20 nm larger 

than the bare NPs (103.0 nm) (Fig. 1(d)), and that the 

increased size was in accordance with the thickness 

of the platelet cell membrane. The presence of the 

platelet membrane on the nanoparticle surface was 

further verified by morphological examination by TEM 

(Fig. 1(e)), which showed a complete and unilamellar 

coating surrounding the spherical NP cores. FK506 

was encapsulated into the PNPs with a remarkably 

high EE of 96.7 ± 1.8% and an LC yield of 8.8 ± 0.16%, 

which can probably be attributed to the relatively high 

lipophilicity of FK506 (logP 3.3). The high oil/water 

partition coefficient of FK506 drug suggests a strong 

interface with the carrier material (PLGA), resulting 

in a high load. Based on this, we suggest that other 

drugs with a high logP value could also be easily 

 

Figure 1 Preparation and characterization of PNPs. (a) The mean hydrodynamic diameters of platelet membrane vesicle (PMV), NPs,
and PNPs based on dynamic light scattering (n = 3; mean ± SD). (b) The PDI of PMV, NPs, and PNPs (n = 3; mean ± SD). (c) Surface 
zeta potential of PMV, NPs, and PNPs (n = 3; mean ± SD). (d) Size distribution of NPs and PNPs based on dynamic light scattering 
(blue: PNPs; red: NPs). (e) TEM image of PNPs negatively stained with uranyl acetate. Scale bar, 100 nm. (f) Protein profiles of the 
platelet, PMV, and PNPs assessed using SDS-PAGE electrophoresis. (g) Western blotting analysis of targeting- related proteins (GPVI 
and P-selectin) on the platelet membrane. (h) Stability of PNPs and bare NPs in fetal bovine serum monitored by absorbance at 560 nm
(n = 3; mean ± SD). (i) Stability of PNPs and bare NPs in PBS monitored by DLS (n = 3; mean ± SD). (j) Drug release profiles of 
FK506-loaded PNPs (n = 3; mean ± SD). 
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encapsulated within this delivery system.  

SDS-PAGE electrophoresis revealed that the protein 

composition of the platelet membrane was mostly 

retained in the PNPs (Fig. 1(f)), indicating there was 

no evident loss of platelet membrane proteins during 

PNP preparation. In addition, two proteins typically 

associated with targeting strategies (GPVI and 

P-selectin) were observed to be present by Western 

blotting (Fig. 1(g)). The retention of these proteins 

provides the nanovesicles with a basis for directing 

their biological function. Through this simple and 

direct coating method, these synthetic particles were 

able to permanently inherit a complex membrane 

protein system, which would be impossible by 

chemical methods.  

3.3 In vitro stability and drug release of PNPs 

To test the stability of PNPs in serum, the absorbance 

at 560 nm of NP or PNP solutions was monitored at 

37 °C in serum as a function of time (Fig. 1(h)). The 

absorbance of PNPs increased slightly over 12 h, 

indicating that there was no obvious particle aggregation. 

In comparison, the absorbance of the bare NPs increased 

sharply in only 15 min. The stability of PNPs in PBS 

was also assessed over a longer duration. As shown 

in Fig. 1(i), PNPs showed a slight increase in size over 

6 days, whereas the NPs immediately aggregated in 

PBS. The EE of PNPs in 1 × PBS over 6 days indicated 

that little FK506 leaked out from the PNPs during 

the experiment (Fig. S1 in the ESM). Therefore, these 

results suggest that coating the platelet membrane 

onto PLGA nanoparticles was able to improve the 

stability of the NPs both in FBS and in PBS. The in  

vitro release profile of FK506 from PNPs in 1 × PBS 

containing 10% serum and 0.5% Tween 80 showed 

that only 40% of FK506 was released from the PNPs 

in 96 h (Fig. 1(j)). This sustained release profile might 

be due to the strong interaction between PLGA and 

FK506, suggesting that it might be beneficial as an 

RA-targeting therapy. 

3.4 In vitro binding capacity of PNPs 

Fibroblast-like synoviocytes (FLSs) and the extracellular 

matrix (ECM) elaborated by these cells are important 

components of the synovial membrane tissue. Here, 

collagen IV-coated dishes seeded with MH7A cells 

were used to simulate synoviocytes and their ECM. 

The interaction of PNPs with this synovial membrane 

was then explored using this in vitro model. A large 

amount of PNPs could adhere to the intercellular 

collagen IV (Fig. 2), probably owing to the specific 

affinity between collagen and GPVI on the platelet 

membrane, as previously reported [13]. These in vitro 

binding results suggest that PNPs could potentially 

be targeted to collagen IV in vivo.  

3.5 RA-targeting ability, pharmacokinetics, and 

biodistribution of PNPs 

To evaluate the specific targeting of PNPs to inflamed 

tissues in RA, DiR solution, DiR-labeled NPs, or PNPs 

were injected intravenously into CIA mice (n = 3). 

Each model mouse had both non-inflamed (left) and 

inflamed (right) hind paws. The fluorescence signals 

in the hind paws were monitored as a function of time, 

using the NIRF imaging system (Fig. 3(a)). Real-time 

imaging revealed that the NIRF intensity of the hind 

Figure 2 Confocal fluorescence microscopy images of DiD-labeled-PNPs binding to collagen IV-coated cell culture dishes seeded with
MH7A cells (a) MH7A cells (nuclei stained in blue). (b) MH7A cells (cytosol stained in green). (c) DiD-labeled-PNPs (red). (d) Merge. 
Scale bar, 50 μm. 
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paws in the PNP group was much higher than that 

for either the DiR solution group or the NP group. In 

the PNP group, the NIRF signal gradually increased, 

and reached a peak at 12 h in the inflamed hind paws. 

For each mouse in the PNP group, the fluorescence 

signal in the inflamed paw was significantly higher 

than that in the non-inflamed paw, indicating that 

PNPs selectively accumulated in the inflamed joint. 

In contrast with normal toes, the inflamed toes (Fig. 3(b)) 

showed much higher fluorescence, demonstrating the 

accurate and high amount of accumulation of PNPs 

in inflamed tissue. Intraarticular injection is one direct 

and accurate way for targeted delivery of a drug  

in RA. However, since RA leads to the persistent 

inflammatory destruction of multiple joints, multi-site 

targeting is needed. This smart DDS using PNPs is 

therefore likely to have much better patient compliance 

compared with intraarticular injection.  

The DiD dye was used to label nanoparticles to 

study the pharmacokinetics of PNPs, as previously 

described [13]. Figure S2 in the ESM shows that the 

PNPs had much longer blood retention times than bare 

NPs, indicating that the platelet membrane coating 

was able to stabilize the NP cores in vivo, and improve 

the circulation time, which is consistent with the results 

of the in vitro stability test. The biodistribution of the 

NPs and PNPs in major organs and inflamed paws 

was further investigated in CIA mice 24 h post injection. 

Similar to other nanoparticle systems, both the NPs 

and PNPs were found to be mainly distributed to  

 

Figure 3 In vivo and ex vivo imaging of PNPs in CIA mice. (a) In vivo NIRF of both non-arthritic paws (left, NA) and arthritic paws 
(right, A) in CIA mice (n = 3) at different time points after intravenous injection. (b) Fluorescence images taken of an inflamed right
paw with just one arthritic toe. The CIA mouse was treated with DiD-labeled-PNPs. (c) Ex vivo NIRF imaging of major organs 24 h post
nanoparticle injection. (d) Mean NIRF intensity of major organs (n = 3; mean ± SD), P < 0.05 versus solution or the NP group. (e) Ex 
vivo NIRF image of inflamed paws from the NP and PNP groups 24 h post injection. (f) Mean NIRF intensity of inflamed paws (n = 3; 
mean ± SD), P < 0.05 versus solution or the NP group. 
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the liver and spleen (Figs. 3(c) and 3(d)), most likely 

as result of the uptake by phagocytic cells in the 

reticuloendothelial system (RES). Moreover, the 

distribution of PNPs in the liver and spleen was also in 

accordance with the physiological clearance pathways 

for platelets, as has previously been reported [31]. The 

fluorescence signal in the excised inflamed paws in 

the PNP group were much stronger than that in the 

NP group (Fig. 3(e)). Quantitation indicated that the 

amount of PNPs in the inflamed joints in the CIA 

mice was 2.1 times higher than that in the NP group 

(Fig. 3(f)). These results demonstrate that platelet 

membrane coating allows the nanoparticles to pre-

ferentially accumulate at the sites of joint inflammation. 

This improvement in targeting efficiency probably 

arises owing to two aspects: the first is the stabilization 

effect of the membrane coating, and the second is 

related to the intermolecular interactions between the 

activated platelets and the inflamed synovial tissues.  

3.6 Localization of PNPs in inflamed synovial tissue 

Immunofluorescence was used to examine the 

localization of PNPs in the inflamed synovial tissue, 

as well as to explore the potential targeting mechanism 

of the PNPs. CD44 was found to be overexpressed 

in the synovial tissue in CIA mice, and there was a 

substantial accumulation of PNPs in the inflamed 

synovial tissue, with the PNPs primarily co-localizing 

with CD44 (Fig. 4(a)). In contrast, few PNPs were 

founded in the synovial tissue from normal mice. The 

synovial lining is composed of fibroblast-like type B 

and macrophage-like type A lining cells, with the 

intercellular space containing structural components, 

including collagen [32]. Figure 4(b) shows the collagen 

 

Figure 4 Confocal fluorescence images of DiD-labeled-PNPs (red) in synovial tissue. Nuclei were counterstained with DAPI (blue).
Immunofluorescence staining was performed for (a) CD44 (green) or (b) collagen (green), separately. Scale bar, 20 μm. 
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present in the intercellular space. A significant number 

of PNPs were found to be co-localized with collagen in 

CIA mice, whereas very few PNPs were found to 

co-localize with collagen in normal mice. Upon platelet 

membrane coating, the nanoparticles acquire multiple 

complex membrane components. It is likely that the 

targeting effect is an integrated result of several 

comprehensive mechanisms, so, in addition to the 

pathway explored here, it is likely that other mechanism 

for co-localization exists, and this will require further 

investigation. 

3.7 In vivo therapeutic efficacy of PNPs  

Collagen-induced arthritis in DBA/1 mice is the most 

widely used autoimmune model of RA, since it 

demonstrates similar immunological and pathological 

features with human RA [33]. In the present study, 

therapeutic treatment was initiated at the onset of 

arthritis (arthritis index (AI) of each mouse > 3), with 

the initial mean AI not being significantly different 

between groups. Seven days after the second 

immunization, the CIA mice were treated with FK506- 

PNPs every other day for 2 weeks. The changes in the 

AI are shown in Fig. 5(a). Compared with PBS-treated 

mice, all other groups showed a significantly decreased 

AI. However, there was no significant difference in 

AI between free FK506 and FK506-NPs. This is not a 

surprising result, because previous studies have shown 

that NPs are not stable in serum [34], and therefore 

cannot effectively accumulate in inflamed joints. 

Notably, the PNP group had the lowest AI among all 

the groups over the whole treatment time, which 

could be attributed to the high accumulation of 

PNPs in the inflamed joints. In addition, mice in the 

FK506-PNP group had significantly lower degrees of 

redness or swelling in the hind limbs compared with 

 

Figure 5 Therapeutic efficacy in CIA mice. (a) Mean arthritis index of rheumatoid arthritis as a function of time after first immunization.
Values are mean ± SEM (n = 5). P < 0.05 versus PBS, free FK506 or FK506-NPs. (b) Quantitative analysis of the hind paw micro-CT data.
(c) Representative photographs of hind paws from CIA mice in different treatment groups and normal mice without any treatment.
(d) Three-dimensional reconstruction of micro-CT images of the hind paws of normal mice and CIA mice in different treatment groups.
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other groups (Fig. 5(c)). Similar results could also be 

seen in the representative photographs taken of the 

fore paws (Fig. S3 in the ESM). FK506 is an immuno-

suppressive drug, which is used for the treatment  

of RA patients who respond insufficiently to other 

drugs [35]. 

3.8 Microcomputed tomography analysis 

Bone erosion is a central pathological feature in RA, 

and is often used to monitor the severity of the disease 

[36]. Micro-CT was used to further test bone changes 

in each of the treatment groups. As shown in Fig. 5(d), 

there was obvious severe bone destruction, including 

rough bone surfaces and severe bone erosion, in the 

joints of mice in the PBS, free FK506, or FK506-NP 

groups. Prominent bone erosions were evident on the 

calcaneus bone and extended to the metatarsals in 

these three groups. In contrast, only minor erosions 

were seen in these areas within the ankle joints of 

the FK506-PNP-treated mice, demonstrating that 

FK506-PNPs produce an impressive reduction in the 

extent of ankle joint bone erosion, resulting in bones 

that were similar to those in normal mice. A quantitative 

analysis of the hind paw micro-CT data was shown 

in Fig. 5(b).  

3.9 Histological analysis 

The therapeutic effect of PNPs was further evaluated 

by examining inflammation and tissue destruction in 

both bone and cartilage using H&E staining and 

immunohistochemical staining to examine tissue 

histology. Ankle joint sections were prepared at the 

end of the therapy to examine bone and cartilage 

preservation, and the level of several inflammatory 

cytokines. As shown in the uppermost panel of Fig. 6, 

joint sections from CIA mice treated with PBS showed 

severe bone and cartilage erosion with pannus 

formation, while normal mice without CIA induction 

showed no destruction of bone or cartilage. The joint 

sections from the free FK506 and FK506-NP groups 

showed intermediate inflammation. Compared with 

these groups, there was no obvious bone or cartilage 

erosion, nor any pannus tissue formation in the 

FK506-PNP group. An immunohistochemical analysis 

showed that, compared with normal mice, the 

expression levels of TNF-α, IL-6, and IL-1β were 

significantly increased around the joints in the PBS, 

free FK506, and FK506-NP groups. In contrast, the 

expression of these cytokines was significantly 

decreased in the FK506-PNP group (Fig. 6 and Fig. S4 

in the ESM), with levels being similar to those found 

 

Figure 6 Histological analysis of dissected ankle joint tissues of normal mice and CIA mice in different treatment groups. Representative
images of ankle joints (B: bone, C: cartilage, S: synovial tissue) revealed varying degrees of inflammation and pannus formation
(arrows) with cartilage destruction and bone destruction (*) in PBS, free FK506 and FK506-NP, and FK506-PNP-treated CIA mice 
(H&E staining, 200 ×). Images of immunohistochemical staining (200 ×) for TNF-α, IL-6, and IL-1β.  
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in normal mice. From these data, we hypothesize that 

there is a high degree of accumulation of FK506-PNPs 

in the inflamed joints in this RA model resulting in a 

large reduction in paw swelling, bone erosion, and 

inflammation. 

3.10 Safety of PNPs 

In the clinic, platelets are one of the most frequently 

used blood products. Studies have shown that pure 

platelets do not provoke a primary immune response, 

and since platelets have only blood related antigens 

they only have low immunogenicity, similar to that 

seen for RBCs [37]. To evaluate the biocompatibility 

of PNPs, a hematological analysis was performed 

(Fig. 7(a)). There was no significant difference between 

the PNP group and the control group, suggesting 

that PNPs have excellent biocompatibility. Since  

the bio-distribution study showed a relatively high 

accumulation of PNPs in the liver and spleen, a 

histological examination of the liver and spleen was 

performed after treatment to examine any potential  

 

Figure 7 Preliminary safety evaluation. (a) Evaluation of the 
safety of PNPs in healthy mice. Healthy ICR mice were 
intravenously injected with PBS or PNPs every other day for a 
week. Blood hematology tests were performed. (b) Histological 
examination of typical organs, including liver, spleen, and kidney, 
from CIA mice after treatment with PBS or PNPs compared with 
normal mice. 

in vivo toxicity of the FK506-PNPs. In addition, kidney 

tissue was also examined owing to the reported 

potential kidney toxicity of FK506. H&E staining 

indicated that the FK506-PNPs produced negligible 

changes in tissue architecture compared with that in 

normal mice without any treatment, implying there 

is little toxicity of the FK506-PNPs after treatment at 

multiple doses (Fig. 7(b)). 

4 Conclusions 

We developed platelet membrane-coated PLGA 

nanoparticles for targeted drug treatment of RA. 

Upon disguising the nanoparticles with a “uniform” 

using a natural cell membrane, the synthetic NPs 

were able to acquire biological functions similar to 

platelets. The studies demonstrated the accurate and 

significant accumulation of PNPs in the inflammatory 

synovial tissue, which could be partly attributed to 

the interaction of platelet membrane proteins (GPVI, 

P-selectin) on the PNPs with collagen IV, and the 

overexpression of CD44 in RA synovial tissue. A 

pharmacodynamic study showed that FK506-PNPs 

can significantly control RA progression in the CIA 

mouse model of RA, and a preliminary safety study 

demonstrated the excellent biocompatibility of PNPs. 

Increasing numbers of platelet-related drug delivery 

platforms have been developed in recent years [38–40], 

and so platelets show great prospects as functional 

natural materials. By integrating the natural cell 

membrane with the biodegradable artificial material 

PLGA, this biomimetic strategy has great potential in 

clinical applications [13, 14]. Since chronic inflammation 

is now recognized to be a cause, or agitator, of 

various diseases, and platelets play an important role 

in pathological processes of inflammation, this platform 

may also hold great promise for the treatment of 

other inflammation-related diseases. 
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