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strategy used by chemists aiming at artifi cial cell [ 2 ]  due to 

the stability and functionality of the self-assembled poly-

meric structures in a scale range from nanometer to milli-

meter. Compared with the successful mimicking of cells with 

intracellular compartments (the organelles) and concerted 

enzymatic reactions, wherein [ 3 ]  only a few reports focused 

on mimicking the cell surface structure, e.g., glycocalyx, a 

heavy layer of sugars containing glycoprotein, glycolipid, and 

proteoglycan covering the surface of all types of cells. [ 4 ]  The 

glycocalyx on leukocytes is regarded as important for their 

migration and interaction with endothelial cells of blood 

vessel. To this goal, polymeric materials exhibit virtues pro-

viding a scaffold to mimic the cell membrane as well as the 

dense polymeric sugar layer simultaneously. 

 The role of glycocalyx in infection, infl ammation, and 

cancer has been progressively revealed in literature. [ 5 ]  Among 

these, immunological function is an indispensable one, which 

to some extent was overlooked before in the study of mim-

icking glycocalyx. Macrophages (Mφ) are a type of innate 

immune cells with critical roles in innate immune response 

to invading organisms, including infl ammation, pathogen DOI: 10.1002/smll.201403838

 Malignant tumors develop multiple mechanisms to impair and escape from 
antitumor immune responses, of which tumor-associated macrophages that often 
show immunosuppressive phenotype (M2), play a critical role in tumor-induced 
immunosuppression. Therefore, strategies that can reverse M2 phenotype and 
even enhance immune-stimulation function of macrophage would benefi t tumor 
immunotherapy. In this paper, self-assembled glyco-nanoparticles (glyco-NPs), 
as artifi cial glycocalyx, have been found to be able to successfully induce the 
polarization of mouse primary peritoneal macrophages from M2 to infl ammatory 
type (M1). The polarization change was evidenced by the decreased expression of 
cell surface signaling molecules CD206 and CD23, and the increased expression of 
CD86. Meanwhile, secretion of cytokines supported this polarization change as well. 
More importantly, this phenomenon is observed not only in vitro, but also in vivo. 
As far as we known, this is the fi rst report about macrophage polarization being 
induced by synthetic nanomaterials. Moreover, preparation, characterization of these 
glyco-NPs and their interaction with the macrophages are also demonstrated. 
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  1.     Introduction 

 With the ever-expanding possibilities to build supramolecular 

structures, chemists are challenged to mimic nature in which 

construction of artifi cial cells and realization of their func-

tions has been one of the most attractive tasks. [ 1 ]  Till now, 

macromolecular self-assembly has been quite an important 
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elimination, and coordination of the adaptive immune 

response. [ 6 ]  The function of Mφ [ 7 ]  is greatly related to cell–cell 

interactions mediated  via  ligand-receptor on their surface, in 

which protein–glycan interaction, participated by proteins 

(or lectins) with carbohydrate-recognition domains (CRDs) 

found on the surface of Mφ and the glycocalyx on the inter-

acting cell, is involved. [ 8 ]  

 Macrophages are scavengers of the immune system. 

These cells reside in every tissue in the body where they 

engulf apoptotic cells and pathogens, and produce immune 

effector molecules. Macrophages are remarkably plastic cells 

and can change their functional phenotype depending on the 

environmental cues they receive. These cues are provided by 

cell–cell contact and secretary cytokines. And polarized mac-

rophages can be broadly classifi ed into classically activated 

macrophages (or M1), an immunostimulatory phenotype, 

and alternatively activated macrophages (or M2), an immu-

nomodulatory phenotype. Recent research results empha-

size that the roles of Mφ greatly rely on their polarization, 

which is performed by the expression of different cell surface 

molecules and cytokines secretion. [ 9 ]  For example, a protec-

tive role in tumorigenesis has been ascribed to M1φ, which 

activates tumor-killing mechanisms and suppresses the func-

tion of tumor-associated macrophages (M2 phenotype). [ 10 ]  

Considering the plasticity of Mφ, strategies that polarize mac-

rophages from M2φ to M1φ recently are employed in cancer 

immunotherapy. [ 11 ]  However, until now to the best of our 

knowledge, this polarization change has not been achieved 

under the stimulation of supramolecular assemblies. 

 Herein, the effect of glycocalyx-mimicking nanoparti-

cles (glyco-NPs) on macrophage activation and polarization 

 via  cell interaction is explored for the fi rst time on primary 

mouse peritoneal macrophages (pMφ). First, the binding of 

glyco-NPs on pMφ was proved to be receptor-dependent, 

showing that the uptake of glyco-NPs by the pMφ required 

specifi c receptors on cell surface. Then expression of cell 

surface molecules and cytokine secretion demonstrated the 

polarization change of pMφ from M2φ to M1φ, stimulated 

by the artifi cial glycocalyx assembly. Moreover, the effect 

was observed not only in vitro, but also in vivo. Consid-

ering the low toxicity and synthetic nature of glyco-NPs, we 

anticipate this work brings them great potential in antitumor 

immunotherapy.  

  2.     Results and Discussion 

  2.1.     Design of Self-Assembled Glyco-NPs 

 In our previous study, glyco-NPs were employed to mimic 

glycocalyx with different sugar regio-isomers and stereoi-

somers on cell surfaces, [ 12 ]  we found that glyco-isomerism 

has strong effects on the function and intracellular pathway 

of the nanoparticles. For example, the glyco-NPs covered 

with galactoside linked via anomeric position reached 

lysosome via early endosome and late endosome of Hep 

G2 cells, while the isomer linked via 6-position (C-6) only 

reached and stopped at early endosome. This result indi-

cates that glyco-NPs may have unique functions that are 

not predictable from its oligosaccharide analogues and 

glycopolymer chains. [ 13,14 ]  To understand the discrepan-

cies, the current study focuses on the specifi c binding of the 

glyco-NPs to the receptors on pMφ and the following events 

including endocytosis and the immune responses. Particu-

larly, the effect of glyco-NPs on polarization change of Mφ, 

which is related to cancer therapy, yet remained unexplored 

before, is analyzed. 

 In this study, block copolymers with a hydrophobic 

block polystyrene (PS) and hydrophilic glyco-block (PR) 

are employed to self-assemble into glyco-NP with an inert 

organic core PS and a glycopolymer shell ( Scheme    1  ). 

Despite its synthetic convenience, in this study, inorganic 

nanoparticle was not used to construct the core, since inor-

ganic nanomaterials may also induce immune response. [ 15 ]  

Using post-polymerization strategy,  d -galactopyranoside 

(α:β = 5:1), α- d -mannopyranoside and  l -fucopyranoside 

(α:β = 8:1) were connected to the same kind of polymeric 

chain as pedant groups to afford fl uorescent block copoly-

mers  F-PGal- b -PS ,  F-PMan- b -PS , and  F-PFuc- b -PS , respec-

tively ( Scheme    1  ), which ensured the same molecular weight, 

block ratio, and polydispersity of these polymers. Selection of 

the three sugars is related to presentation of C-type lectins, 

the most important lectin family on Mφ, [ 16 ]  i.e., macrophage 

galactose lectin (MGL, CD301) with specifi city to galacto-

pyranoside (Gal), [ 17 ]  and mannose receptor (MR, CD206) 

specifi c to mannopyranoside (Man) and fucopyranoside 

(Fuc). [ 18 ]  Moreover, MGL and MR represent two typical 

species of C-type lectins expressed on immune cells. MGL is 

a cluster of three CRDs supported by a coiled-coil peptide 

stem; while the multiple CRDs of MR are at the side of a 

rigid stem. [ 19 ]  Thus one important aim of the current study is 

to evaluate the uptake of glyco-NPs with different sugars by 

pMφ in the presence of MGL and MR, and their sequential 

immune responses. As control, biocompatible nanoparticles 

with oligoethylene glycol (OEG) as the shell and PS core, 

which has high aqueous solubility and stability in physi-

ological solutions similar to glyco-NPs, were prepared  via  the 

same strategy. 

     2.2.     Synthesis of Fluorescent-Labeled Block Copolymers 

 To visualize the glyco-NPs under fl uorescence microscope, 

fl uorescein was designed to covalently attach to glycopoly-

mers (Scheme S1, Supporting Information). The fl uorescent-

labeled block glycopolymers were synthesized via two-step 

RAFT polymerization followed by postpolymerization 

modifi cation. The results of the polymerization are shown in 

 Table    1   The degree of polymerization (DP) of poly(glycidyl 

methacrylate) ( PG ) was found to be 25 by comparing the 

intensity of phenyl group at δ 7.0–8.0 ppm from RAFT agent 

and that of epoxy units at 3.22 ppm in the  1 H NMR spec-

trum (Figure S1, Supporting Information). Similarly, by com-

paring the intensity of PS at 6.5–7.5 ppm and that of epoxy 

units (Figure S1, Supporting Information), the DP of PS 

block of  PG- b -PS  was found to be 325. Based on previous 

study, [ 20 ]  this block length was selected to ensure the forma-

tion of nanoparticles with suitable diameter for biomedical 
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study. Fluorescein was introduced to the end of  PG 25 - b -PS 325   
via clicking  N -(5-fl uoresceinyl) maleimide to the polymer 

end group after reduction of the benzodithioate to thiol. 

The resultant  F-PG 25 - b -PS 325   was treated with NaN 3  for 

epoxide ring opening to afford  F-PGA 25 - b -PS 325  . The com-

plete transformation from epoxide to azide was supported 

by the appearance of the methylene peak close to the azido 

moiety at 3.48 ppm (Figure S1, Supporting Information). 

The introduction of azido unit was also confi rmed by Fou-

rier transform infrared spectroscopy (FT-IR) analysis. In the 

spectrum of  F-PGA 25 - b -PS 325   (Figure S2, Supporting Infor-

mation), a strong peak at 2105 cm −1  corresponding to the 

asymmetric stretching of the azido group was observed. After 

click reaction with different sugar alkynes, complete con-

version to  F-PMan 25 - b -PS 325   and other glycopolymers was 

again confi rmed by FT-IR (Figures S2 and S3, Supporting 

Information). Gel permeation chromatography (GPC) was 

employed to characterize the polymers in each step showing 

unimodal distributions with narrow polydispersity (PD.I. 

< 1.20) in Figures S4 and S5, Supporting Information. 

Similarly, nonglycopolymer  F-POEG 25 - b- PS 325   was prepared 

via the same method as control. 

   2.3.     Self-Assembly of Glycopolymers into Glyco-NPs 
and their Characterization 

 Glyco-NPs were prepared by addition of water (4 mL) into 

1 mL of dimethylacetamide (DMAc) solution of the glyco-

polymers (4 mg mL −1 ). After dialysis, glyco-NPs formed with 

PS as the core and soluble glycopolymer as the shell, which 

were stable enough for further characterization and biolog-

ical studies. Dynamic light scattering (DLS) measurements 

showed that diameters of glyco-NPs vary from 34 to 36 nm 

with narrow distributions (PD.I. < 0.1), which is suitable for 

possible nanotherapy applications, [ 21 ]  ( Table    2  ,  Figure    1  a and 

Figure S6, Supporting Information). Transmission electron 

microscopy (TEM) images confi rmed their morphology as 

nanoparticles. Neutral surface property (–2.81 to −5.01 mV) 

of these glyco-NPs in PBS buffer (pH 7.4) was also confi rmed 

by Zeta potential measurements. In addition, the successful 

modifi cation of fl uorescein was supported by fl uorescent 

spectra (Figure S7D, Supporting Information). For clarities, 

the glyco-NPs are respectively marked as  M-Man ,  M-Gal , and 

 M-Fuc , according to their glycopolymer block. All of their 

characterizations are listed in Table  2  and  Figures S6–S8, Sup-

porting Information, while the DLS and TEM data of  M-Man  

are shown in Figure  1  as a representative. Nanoparticle 
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 Scheme 1.    Design and self-assembly of glycopolymers ( F-PMan- b -PS ,  F-PGal- b -PS ,  F-PFuc-  b - PS)  and their nonsugar analogue  F-POEG- b -PS  to form 
glyco-NPs ( M-Man ,  M-Gal ,  M-Fuc ) and  M-PEG .

  Table 1.     M  n  and PDI of fl uorescent-labeled block copolymers and their 
precursors. 

Polymers a)  M  n  ( 1 H NMR)  M  n  (GPC) b)  M  w / M  n  (GPC)

PG 25 3 700 1600 1.20

PG 25 - b -PS 325 37 500 16 700 1.16

F-PG 25 - b -PS 325 37 800 17 000 1.15

F-PGA 25 - b -PS 325 38 900 17 900 1.15

F-PMan 25 - b -PS 325 44 300 26 000 1.19

F-PGal 25 - b -PS 325 44 300 26 400 1.18

F-PFuc 25 - b -PS 325 44 300 26 300 1.19

F-POEG 25 - b- PS 325 60 100 33 600 1.20

    a) Calculated from  M  n  obtained in  1 H NMR;  b) PEG as calibration standard.   
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 M-PEG  was prepared by block copolymer  F-POEG- b -PS  as 

control without any glyco-components (Table  2  and Figures 

S6–S8, Supporting Information). 

     2.4.      In Vitro  Binding of Glyco-NPs to pMφ at 4 °C and the 
Inhibition Assay 

 Considering the lack of immune activities in the cur-

rent available cell line RAW264.7, primary mouse pMφ 

were used to measure the binding of glyco-NPs in vitro 

(Figure S9, Supporting Information). In this paper, unless 

specifi cally mentioned, the pMφ are harvested from mice 

with pretreatment of thioglycollate broth (TG), which is a 

general procedure in immunology study (see the Supporting 

Information). PMφ were harvested and analyzed by fl uores-

cence-activated cell sorting (FACS) for surface expression 

of F4/80, which is a useful marker for Mφ. First, MTT assay 

showed no cytotoxicity of glyco-NPs (<1 × 10 −6   m ) to pMφ 

(Figure S10, Supporting Information). In order to exclude 

nonspecifi c phagocytosis, the binding tests of glyco-NPs 

to pMφ as a function of nanoparticle dose and incubation 

time were performed at 4 °C in which only specifi c binding 

instead of engulfi ng could occur. Normalization of the mean 

fl uorescence intensity (MFI) of each type of the glyco-NPs 

was performed for the quantitative measurements by fl ow 

cytometry (FCM). As shown in  Figure    2  a, at a fi xed incu-

bation time of 60 min, the MFI of the cells with different 

glyco-NPs increased almost linearly along the increase of 

nanoparticle concentration. When the particle concentra-

tion was fi xed at 1 × 10 −6   m , their cellular binding increased 

signifi cantly along the incubation time, from 15 to 60 min 

(Figure  2 b). Thus, the culture condition of 1 × 10 −6   m  and 

60 min were adapted for the following experiments. As 

control, the MFI remained constant for incubation with 

 M-PEG . This indicates that the binding of glyco-NPs to 

pMφ could be attributed to their sugar surfaces. As shown in 

Figure  2 a,b, the MFI of  M-Gal  was much higher than those 

of  M-Fuc  and  M-Man  at the same dose and incubation time, 

indicating a stronger binding of the former than the latter 

ones to pMφ. 

  To prove the binding specifi city, free sugars and the 

respective block antibodies of MGL (MGL mAb, anti-

CD301) and MR (MR mAb, anti-CD206) are selected to 

inhibit the interaction between glyco-NPs and pMφ. Typically, 

before the incubation of pMφ with  M-Gal , the cells were fi rst 

treated with free galactose or anti-CD301 antibody for 1 h. 

Signifi cant inhibition of the binding of pMφ with  M-Gal , by 

either galactose and anti-CD301 antibody, was observed as 

shown in Figure  2 c,d, respectively. Similarly, the binding of 

 M-Fuc  and  M-Man  to pMφ was also strikingly inhibited by 

free fucose and mannose, respectively (Figure  2 c). However, 

the binding of glyco-NPs to pMφ could not be effectively 

inhibited by anti-CD206 antibody, showing the remarkable 

binding ability of  M-Fuc  and  M-Man  to pMφ, which could 

be possibly explained by the multivalent effect between 

the glyco-NP and CD206. [ 22 ]  We suppose that it is possible 

that this effect is much more enhanced on CD206 than that 

on CD301, due to the different orientation of CRDs of the 

former [ 23 ]  than the latter.  

  2.5.     The Specifi c Receptor-Dependent uptake of Glyco-NPs by 
pMφ at 37 °C 

 The glyco-NPs were further incubated with pMφ at 37 °C 

for 2 h. As shown in Figure S11, Supporting Information, as 

expected, the MFI of pMφ after incubation with  M-Man  at 

37 °C was much higher than that at 4 °C. It is known that 

the extracellular substances can be transported into cells 

through several different pathways such as trans-membrane 

diffusion, phagocytosis and receptor-mediated or nonspecifi c 

endocytosis. [ 24 ]  To determine the uptake mechanisms of pMφ 

to glyco-NPs at 37 °C, special inhibitors were selected to treat 
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  Table 2.    Characterization of glyco-NPs. 

Glycopolymers Glyco-NPs Diameter [D h ] PD.I. ξ a) 

F-PMan 25 - b -PS 325 M-Man 34 0.04 −3.62

F-PGal 25 - b -PS 325 M-Gal 36 0.05 −4.03

F-PFuc 25 - b -PS 325 M-Fuc 34 0.06 −4.40

F-POEG 25 - b -PS 325  b) M-PEG 55 0.09 −2.81

    a) Measured in PBS buffer (pH 7.4, 20 × 10 −3   M ) at room temperature;  b) Nonglycoplymer control.   

 Figure 1.    a) DLS and b) TEM characterization of  M-Man . 
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the cells before incubation with the particles: Cytochalasin 

D (CytD) leads to the depolymerization of actin fi laments, 

which primarily inhibits macropinocytosis. [ 25 ]  Sucrose inhibits 

clathrin-mediated endocytosis, while methyl-β-cyclodextrin 

blocks the caveolae-mediated endocytosis pathway. [ 26 ]  As 

shown in  Figure    3   the uptake effi ciency of pMφ to glyco-NPs 

was signifi cantly decreased after pretreatment of sucrose 

or methyl-β-cyclodextrin. While pretreatment of CytD 

decreased the uptake of  M-Man , no signifi cantly infl uence on 

that of  M-Gal  and  M-Fuc  was observed. The result suggested 

that the uptake of glyco-NPs by pMφ at 37 °C was mainly 

relied on clathrin- and caveolae-mediated endocytosis, 

indicating the dominance of receptor-mediated process, 

which is consistent to the previous inhibition test at 4 °C. 

  Localization of glyco-NPs after internalization was then 

investigated by confocal laser scanning microscopy (CLSM). 

PMφ were subsequently treated with FITC-labeled glyco-

NPs (green),APC-labeled anti-CD301 (red,  Figure    4  a) or 

anti-CD206 (red,  Figure    4  b) as well as lyso-tracker blue 

DND (blue). The lyso-tracker located lysosome, while the dif-

ferent antibodies tracked the corresponding receptors, which 

were internalized with the glyco-NPs by pMφ. As shown in 

Figure  4  the CLSM images in different columns from left to 

right showed lysosomes stained with lyso-tracker blue DND 
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 Figure 2.    a) Dose dependence and b) time dependence of the binding of glyco-NPs and  M-PEG  to pMφ at 4 °C. Inhibition studies to the binding 
of glyco-NPs by pMφ with c) free sugar d) and antibodies at 4 °C. Data are expressed as the mean ± SD of three independent experiments. 
*  p  < 0.05, **  p  < 0.01, and ***  p  < 0.001.

 Figure 3.    Inhibition test of a)  M-Gal , b)  M-Fuc , and c)  M-Man . Methyl-β-cyclodextrin (20 × 10 −3   M ), sucrose (0.45  M ) or cytochalasin D (3 × 10 −3   M ) 
were added 1 h before the addition of glyco-NPs. Non-treated cells were used as control. Data are expressed as the mean ± SD of three independent 
experiments. *  p  < 0.05, **  p  < 0.01 and ***  p  < 0.001.
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 Figure 4.    CLSM images of pMϕ incubated with glyco-NPs or  M-PEG . In each panel, images from left to right display lysosomes stained by lyso-
tracker blue DND (blue), a) MGL or b) MR stained by their antibodies (red), glyco-NPs (green) in cells and overlay of the three images. The scale 
bars correspond to 10 µm in all the images.
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(blue), receptors stained with APC-labeled anti-CD301 anti-

body or anti-CD206 antibody (red) and internalized glyco-

NPs labeled with fl uorescein (green). On the right column, 

the merged images exhibit bright white color of  M-Fuc , 

 M-Man , and  M-Gal , indicating the overlay of the colors of 

blue, red, and green. This result strongly evidenced the colo-

calization of lysosome, corresponding receptors to sugars 

(MGL or MR) and the glyco-NPs. As control, such green 

color was not observed in cells with  M-PEG , confi rming the 

specifi c receptor-dependent uptake. 

    2.6.     M1 Polarization of pMφs after the Uptake of 
Glyco-NPs  In Vitro  

 Naïve pMφ harvested from mice without any stimulators 

are ascribed as M0φ while TG stimulated ones used in this 

paper are generally considered as M2φ, which can be con-

fi rmed by the high expression of CD206, a useful marker 

for M2φ. [ 27 ]  As shown in  Figure    5  a, compared to the naïve 

pMφ, the expression of CD206 in TG-stimulated M2φ was 

quite high, which was obvious by using APC-conjugated 

anti-CD206 antibody under CLSM. Quantifi cation analysis 

of CD206 expression (Figure  5 b) from FACS supported the 

results from CLSM. To investigate the immunological effect 

of the glyco-NPs on pMφ polarization, reference systems 

were employed in which the cells were treated with lipopoly-

saccharide (LPS) and Interleukin 4 (IL-4) in parallel. LPS 

and IL-4 are the classical stimulators to induce the polari-

zation of pMφ to M1 and M2, respectively. Typically pMφ 

were fi rst treated with glyco-NPs or the classical stimulators 

for 36 h, followed by incubation with the antibodies to dif-

ferent cell surface markers: CD86 were chosen as a typical 

marker for M1φ, while CD206 and CD23 were for M2φ. Then 

FACS experiment was performed to quantify the expres-

sion of these markers. In this experiment, TG-stimulated 

pM2φ harvested as the previous experiments were used. First 

the plasticity of Mφ is demonstrated by using the classical 

stimulators. As shown in  Figure    6   expression of CD86 was 

increased on pM2φ treated with LPS, while level of CD206 

and CD23 were decreased, suggesting a typical character-

istic of M1φ, indicating the polarization of M2 to M1; while 

pM2φ with IL-4 stimulation remained the character of M2φ. 

Interestingly, the expression of CD86 on pM2φ incubated 

with different glyco-NPs was signifi cantly upgraded, while 

their expression of CD206 and CD23 downgraded. This ten-

dency, which is similar to that induced by LPS, but not IL-4, 

indicate the polarization of pMφ from M2 to M1. As far as 

 Figure 5.    a) CLSM images of naïve pMϕ (M0φ) and pMφ harvested after TG stimulation (M2φ). Incubation with anti-CD206 antibody (red) showed 
the expression of CD206 after TG stimulation. The scale bars correspond to 50 µm in all the images. b) Flow cytometric analysis of expression of 
CD206 on M0 type pMϕ and TG stimulated pMϕ. Data are expressed as the mean ± SD of three independent experiments.

 Figure 6.    Glyco-NPs increased expression of CD86 and decreased expression of CD23 and CD206. After stimulation with glyco-NPs, LPS or IL-4, 
pMφ were analyzed by FACS for surface expression of a) CD86, b) CD23, c) CD206. LPS stimulated and IL-4 stimulated cells were used as control. 
Data are expressed as the mean ± SD of three independent experiments. *  p  < 0.05, **  p  < 0.01, and ***  p  < 0.001.
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we know, this is the fi rst observation of M1 polarization of 

pMφ induced by artifi cial glycocalyx. The M1 polarization 

can be even more signifi cant after treatment with  M-Fuc  

than  M-Gal  and  M-Man , indicated by the quite high expres-

sion of CD86. Moreover, this M1 polarization was further 

confi rmed by cytokine secretion in enzyme-linked immu-

nosorbent assay (ELISA). After incubation with glyco-NPs, 

pMφ secreted higher level of Interleukin 12 (IL-12, a typical 

M1-type cytokine) and lower level of Interleukin 10 (IL-10, a 

typical M2-type cytokine) than those induced by IL-4 as well 

as the untreated ones ( Figure    7  a,b). This polarization change 

of pMφ induced by glyco-NPs is also schematically illustrated 

in Figure  7 c. It is worth to mention that the induction of M1 

polarization by glyco-NPs was similar to the effect of LPS, 

but was much milder. This result is quite interesting as it is 

known that LPS always generates excess immune response, 

which may induce high toxicity and autoimmune diseases, 

thus we may expect that the glyco-NPs could be an immune 

adjuvant candidate with great potential. 

      2.7.      In Vivo  Uptake of Glyco-NPs by pMφ and their 
Subsequent Polarization Tendency 

 To determine whether the uptake of glyco-NPs by pMφ 

retained the same carbohydrate specifi city in vivo, naïve mice 

were intraperitoneally (i.p.) injected with glyco-NPs. PMφ 

were harvested at an indicated time following administra-

tion, and then were analyzed for the uptake of glyco-NPs. 

FACS data showed that the majority of those cells were pMφ 

labeled by a macrophage cell-surface marker (APC Anti-

F4/80). All of the different glyco-NPs were readily internal-

ized by pMφ as early as 30 min after injection ( Figure    8  ). 

The number of internalized glyco-NPs by pMφ was growing 

 Figure 7.    Glyco-NPs altered the cytokine secretion of pMφ measured by ELISA. After stimulation with glyco-NPs, pMφ were harvested and assayed 
for a) IL-12, b) IL-10. LPS stimulated and IL-4 stimulated cells were used as control. Data are expressed as the mean ± SD of three independent 
experiments. *  p  < 0.05, **  p  < 0.01, and ***  p  < 0.001. c) Cartoon representation of Mφ polarization change induced by glyco-NPs.

 Figure 8.    a) FACS results after i.p. injection with 200 µL M-Gal (FITC-labeled glyco-NPs and APC-labeled pMφ). b) FACS results after i.p. injection 
of different glyco-NPs in 2 h. Data are expressed as the mean ± SD of three independent experiments. *  p  < 0.05, **  p  < 0.01, and ***  p  < 0.001.
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increasingly along the incubation time. The results demon-

strated that glyco-NPs indeed could be internalized by pMφ 

in vivo, similar to the in vitro results. 

  To further evaluate the effect of glyco-NPs on polarization 

of pMφ in vivo, mice were fi rst injected with 3% TG solution 

followed by glyco-NPs. Then pMφ were harvested and the 

cytokines released were analyzed by real time polymerase 

chain reaction (Q-PCR). Pro-infl ammatory cytokines, tumor 

necrosis factor α (TNF-α) and monocyte chemotactic protein 

1 (MCP-1), two characteristic cytokines to M1φ (Table S1, 

Supporting Information), were evaluated. Similar to the in 

vitro results, higher expression of TNF-α and MCP-1 was also 

observed after the injection of glyco-NPs ( Figure    9  ), while no 

signifi cant change with the M-PEG injection. TNF-α is pro-

duced chiefl y by activated M1φ, [ 28 ]  which plays important role 

in pathogen elimination. MCP-1 is one of the key chemokines 

that regulate migration and infi ltration of Mφ, which partici-

pates in infl ammation and infection. It is also known that M1φ 

secreted signifi cantly more MCP-1 compared with M2φ, which 

make MCP-1 an important marker for M1φ. [ 29 ]  Thus the 

increased secretion of TNF-α and MCP-1 from pMφ induced 

by glyco-NPs, also indicate polarization of pMφ from M2 to 

M1 in vivo. This result was consistent to the in vitro results, 

showing that the M2 to M1 polarization effect induced by 

glyco-NPs was not only observed in vitro, but also in vivo. 

     3.     Conclusion 

 In this study, three glyco-NPs were prepared and shown to 

specifi cally engage macrophages both in vitro and in vivo in a 

carbohydrate-dependent manner, which could be used as vehi-

cles for carbohydrate-targeting therapeutic application. These 

glyco-NPs show much more sensitivity to the carbohydrate-

specifi c receptors on Mφ, compared to the glycopolymers 

reported in literature. Meanwhile, polarization from M2 to M1 

could be induced both in vitro and in vivo by glyco-NPs as the 

fi rst self-assembled material, proved by the expression of sur-

face marker molecules and secretion of cytokines. This exhibits 

a bright future of glyco-NPs as new types of biomaterials with 

applications in immune adjuvants for cancer immunotherapy.  

 Figure 9.    Q-PCR analyses of the expression of a) MCP-1 and b) TNF-α mRNA infl uenced by glyco-NPs  in vivo . C57 mice were stimulated with TG, 
followed by i.p. injection of glyco-NPs. PMφ were isolated 6 h after injection and their total RNA was isolated. Data are expressed as the mean ± 
SD of three independent experiments. *  p  < 0.05, **  p  < 0.01, and ***  p  < 0.001.
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