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a b s t r a c t

Sugar-dependent targeting and immune adjuvant effects of hyperbranched glycosylated polypeptide

nanoparticles were disclosed for ovalbumin (OVA) delivery system. The mannose-coated polypeptide

nanoparticles can induce strongest targeting and immune adjuvant effects to macrophages than those

glucose/lactose-coated ones, which effectively transported OVA into cells and facilitated OVA subcellular

escape from endolysosomes into cytoplasm with the assistance of UV irradiation or intracellular acidic

pH.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the past decades, the biotherapeutics delivery systems

including proteins/peptides, antigens, and antibodies have at-

tracted increasing attention in immunotherapies of cancers and

infectious diseases [1–3]. Besides intrinsic poor stability and

short circulation half-lives, the major barriers such as poor

membrane-impermeability, inefficient cellular trafficking and sub-

cellular transport (e.g., endolysosomes escape) are greatly limiting

cytosolic protein delivery and therapeutic efficacy [4–6]. So it is

imperative to develop high potent, specific/targeting, and safe pro-

tein delivery systems for various disease immunotherapies.

Owing to multiple tunable architectures and hierarchical self-

assembly attributes, biodegradable and biocompatible polypeptides

have intense appealing for constructing intelligent protein delivery

systems, in which the built-in stimuli can be utilized to enhance

cellular uptake and subcellular transportation of proteins [7–12].

Reminiscently, the glycocalyxes of branched glycoproteins and pro-

teoglycans existing on cell surface and/or in extracellular matrice

play unique adhesion, recognition, communication, inflammation,

and immune response, implying that synthetic biomimetic glycosy-

lated polypeptide (glycopolypeptide) would be a promising class of

immune modulatory/stimulatory materials (i.e., immune adjuvants)

for protein delivery and immunotherapy [13–16]. Recently, Bertozzi

et al. discovered that the bead-immobilized linear glycopolypeptide
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could activate antigen-presenting cells via dectin-1 and dectin-2

lectin receptors [17]. Various sugar-coated nanoparticles have also

been studied as targeted OVA delivery systems to enchance OVA

cellular uptake and boost immune response [18–22]. Interestingly,

Chen et al. reported a glycopolymer engineering strategy to mod-

ify tumor and/or dendritic cells to trigger immune response [23].

Thus we reason that the cellular targeting and immune adjuvant

effects of the glycopolypeptide nanoparticles on immune cells (e.g.,

macrophage and dendritic cells) underpins an important rationale

for designing highly potent immune adjuvants and related protein

delivery systems.

To disclose the sugar-dependent targeting and immune ad-

juvant effects of the glycopolypeptide nanoparticles, herein

we synthesized a small library of hyperbranched polypep-

tides with different photosensitive 2-nitrophenylethoxy (NPE),

sugar and/or imidazole groups (Scheme S1 and Table S1 in

Supporting information), which self-assembled into different

sugar-coated micellar aggregates in phosphate buffer solution

(PBS). Specifically, the UV-responsive hyperbranched poly(Nε-
(1-(2-nitrophenyl)ethoxycarbonyl)-l-lysine) (HPNL) was directly

photopolymerized from Nε-(1-(2-nitrophenyl)ethoxycarbonyl)-l-
lysine-N-carboxyanhydride (NPE-Lys-NCA) without any addition of

initiators/catalysts [24], which was further functionalized to af-

ford the glucose-, lactose-, and/or mannose-decorated polypeptides

(i.e., HPG, HPL, HPM), and the pH-sensitive immidazolated one (i.e.,

HPI), as characterized by 1H NMR, GPC and the well-known ninhy-

drin test (Figs. S2-S4 and Table S1 in Supporting information) [25].
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Fig. 1. Scheme for the preparation of sugar-coated and UV or pH sensitive nanoparticles (A); TEM photographs of (B) OVA-loaded HPL and (C) HPM/I nanoparticles; (D)

UV-triggered OVA release from OVA-loaded HPL nanoparticles; (E) pH-triggered OVA release from OVA-loaded HPM/I nanoparticles.

Both HPG and HPL contained about 41% hydrophobic NPE groups

and hydrophilic sugar residues, which self-assembled into the

glucose- or lactose-coated and UV-sensitive spherical micellar ag-

gregates and OVA-loaded ones in PBS, as characterized by DLS and

TEM (Figs. 1A-C, Fig. S5 and Table S2 in Supporting information).

These micellar aggregates presented similar UV-sensitive assem-

bly and size increment behavior as intra/intermolecular hydrogen-

bonding interactions drove the resulting glycosylated poly(l-lysine)

(PLL) assemble into larger aggregates despite gradual photocleav-

age of NPE groups weakening hydrophobic and π-π interactions

(Figs. S6 and S7 in Supporting information) [18,26]. Does the ex-

ternal UV stimulus triggered OVA release from those micellar ag-

gregates in PBS? When UV-irradiation was turned on for 5 min

and then off for 2 h, the released amount of FITC–OVA was greatly

accelerated and increased up to about 73% within 12 h at pH

7.4 compared to the control with about 23% release at pH 7.4 or

pH 5.0 (Fig. 1D), demonstrating the pulsatile UV-irradiation trig-

gered a quick FITC–OVA release. With input of dual sequential

triggers (i.e., UV irradiation + pH 5.0), the FITC–OVA release fur-

ther increased to about 89% within 12 h with the assistance of

fast protonation of hyperbranched PLL wedges at an intracellu-

lar acidic pH. Meanwhile, the co-assembled HPM/I nanoparticles

(HPM/HPI = 1/1, w/w) presented a pH-sensitive OVA release be-

havior due to fast protonation of imidazole groups at acidic pH 5.0,

and the OVA release promptly increased from about 24% to 72%

within 24 h when pH changed from 7.4 to 5.0 (Fig. 1E). The above

external UV and intracellular acidic pH triggers would enable the

sugar-coated micellar aggregates subcellular OVA trafficking, as in

detail studied in the following.

As a simple and effective method, the lectin binding affinity

with multiple sugar-coated nanoparticles can be used to assess

the sugar-mediated cellular targeting effect because the immune

cells (e.g., macrophages and dendritic cells) overexpress lectin re-

ceptors such as macrophage galactose lectin (MGL) and mannose

receptor (MR) [21,27]. So we tested specific binding activities of

HPL, HPG, and HPM and HPM/I nanoparticles with the correspond-

ing Con A and RCA120 lectins by means of on-line DLS and UV–

vis spectroscopy. The mixed HPL/RCA120 aggregates dynamically in-

creased from 60 nm to 450 nm and leveled off within 10 min

(Fig. 2A), during which the solution turbidity increased accordingly

(Fig. 2B). These results imply that the lactose-coated HPL nanopar-

ticles dynamically bound with RCA120 and formed kinetically sta-

ble bigger aggregates. Similarly, the glucose-coated HPG nanopar-

ticles also showed specific binding with Con A. However, when

same concentration Con A was incubated with the mannose-coated

HPM and HPM/I nanoparticles, the biggest aggregates dynamically

formed in solution with turbidity increase by 6.9-fold and 6.0-

fold than the glucose-coated ones (Table S3 in Supporting infor-

mation). These findings implies that the mannose-coated HPM and

HPM/I nanoparticles produced the strongest binding affinity with

Con A compared to the glucose-/lactose-coated counterparts. That

is to say, the mannose-coated nanoparticles would present more

specific targeting effect to macrophages than the glucose-/lactose-

coated ones, as further evidenced in the following cellular study.

Efficient cellular uptake of antigens is the first key step for

the identification of antigens by immune cells (macrophages and

dendritic cells), during which process macrophages prefer to

specifically endocytose the galactose/lactose and mannose-coated

nanoparticles via MGL and MR receptor-mediated endocytosis, re-

spectively [21,27]. The intracellular uptake of OVA-loaded nanopar-

ticles was monitored by time-dependent flow cytometry and flu-

orescent microscopy (Fig. 2C and Fig. S8 in Supporting informa-

tion). At a dose of 10 μg/mL FITC–OVA equiv. and a fixed incuba-

tion time of 4 h, the fluorescence intensity clearly increased when

the cells incubated with FITC–OVA loaded HPL or HPG nanoparti-

cles compared to free FITC–OVA. Based on the mean fluorescence

intensity (MFI) in Table S4 (Supporting information), it can be cal-

culated that the antigen uptake increased 3.6 times for FITC–OVA

loaded HPL nanoparticles and 2.5 times for FITC–OVA loaded HPG

nanoparticles, respectively. The zeta potential of FITC–OVA loaded

HPL nanoparticles was similar to that of HPG ones (38 mV vs.

31 mV), so the higher antigen uptake of the former resulted from

specific binding of lactose-coated HPL nanoparticles with lectin

receptors on macrophages. Remarkably, the antigen uptake in-

creased 7.5 times for FITC–OVA loaded HPM nanoparticles and 4.4

times for FITC–OVA loaded HPM/I nanoparticles compared to free

FITC–OVA. Taken together, the above results indicate that those dif-

ferent sugar-coated nanoparticles present sugar-dependent target-
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Fig. 2. (A) The changes of aggregates size and (B) optical density of HPL (40 μg/ mL) and HPM/I (40 μg/mL) after addition of RCA120 (0.5 mg/mL) or Con A (0.5 mg/mL); (C)

Flow cytometry histogram profiles and (D) the MFI values of RAW264.7 cells incubated with free FITC–OVA, FITC–OVA loaded nanoparticles, and free sugar plus nanoparticles,

“+” represents free sugar plus the corresponding sugar-coated nanoparticles.

ing effect to macrophages, and they are in the order of HPM >

HPM/I > HPL > HPG nanoparticles.

To further prove the specific sugar-targeting effect, either galac-

tose or mannose was selected to incubate with RAW264.7 cells for

1 h at 37 °C before addition of the HPL or HPG nanoparticles. As

shown in Fig. 2D and Table S4 (Supporting information), the anti-

gen uptake of the lactose-coated HPL nanoparticles was obviously

inhibited with 27.7% decrease by the galactose addition. As for the

mannose-coated HPM or HPM/HPI nanoparticles, the mannose ad-

dition decreased the uptake efficiency by 36.2% and 36.9%, respec-

tively. However, free mannose had little impact on the antigen up-

take of the glucose-coated HPG nanoparticles when incubated with

RAW264.7 (MFI variation with P > 0.05). These findings demon-

strated that the mannose-coated HPM or HPM/HPI nanoparticles

and the lactose-coated HPL nanoparticles possessed specific sugar-

targeting to RAW264.7 while the former was stronger than the lat-

ter, yet the glucose-coated HPG nanoparticles had no specific tar-

geting ability.

Effective antigen escape from endolysosomes into cytoplasm

is another key step for the antigen presentation and sequen-

tial immune response [2,12]. Endolysosomes and cell nuclei were

stained by LysoTracker Red and Hoechst (blue), respectively, and

subcellular antigen localization was assessed by CLSM. As shown

in Fig. 3A, most internalized FITC–OVA loaded HPL nanoparticles

colocalized in endolysosomes to become yellow after incubated

with RAW264.7 cells for 4 h. However, upon UV-irradiation (5 min,

365 nm, 10 mW/cm2), the green fluorescence intensified while yel-

low one weakened in cytoplasm. Moreover, the colocalization value

between the green fluorescence and the red one in RAW264.7

cells obviously decreased from 68.0% to 41.7% upon UV irradiation

(Fig. 3B and Table S5 in Supporting information). The UV irradi-

ation triggered photosensitive NPE groups fall off and thus accel-

erated OVA release inside the cells while the proton sponge ef-

fect that was induced by fast protonation of hyperbranched PLL

wedges made endolysosomes membrane rupture and sequential

OVA escape into cytoplasm [12]. These results demonstrate that

the UV irradiation not only triggered OVA release inside those

macrophages but also facilitated endolysosomal OVA escape into

cytoplasm (Fig. 4A). Furthermore, compared to external UV trig-

ger, an effective subcellular transport of OVA can be implemented

by intracellular acidic pH in a practicable manner. Comparing the

FITC–OVA loaded HPM nanoparticles with the FITC–OVA loaded

HPM/I nanoparticles, the colocalization value decreased from 71.6%

to 42.9% due to the HPM/I nanoparticles having mixed imidazole

and mannose corona. This result evidences that the endogenous

acidic pH of endolysosomes was effective to accelerate OVA escape

into cytoplasm as multivalent imidazole groups in hyperbranched

PLL wedges boosted stronger proton sponge effect than their un-

modified amino groups [19].

After endocytosis of extracellular antigens, nanoparticles, and/or

antigen-laden nanoparticles, the macrophages would be activated

and polarized into different phenotypes of M1 and M2, in which

M1 phenotype mainly initiated adaptive immunity and secreted an

important cytokine of tumor necrosis factor-α (TNF-α) while M2

intended to inhibit immunity [28]. The expression levels of M1-

related CD86 and M2-related CD206 were estimated by flow cy-

tometry (Fig. 4B and Table S6 in Supporting information) while

the secreted TNF-α was assessed by ELISA (Fig. 4C and Table S7

in Supporting information). Both the expression level of CD86 and

the TNF-α amount respectively increased with an order of HPM

> HPM/I > HPL > HPG when treated with blank sugar-coated

nanoparticles; HPM showed the highest increase of about 3.6-

fold CD86 and 4.3-fold TNF-α, indicating that the mannose-coated

polypeptide nanoparticles had the strongest immune adjuvant ac-

tivity, which was consistent with the above sugar-dependent tar-

geting activity. As a note, the sugar-coated polypeptide nanopar-

ticles and the UV irradiation (5 min, 365 nm, 10 mW/cm2) had

no obvious cellular toxicity for the macrophages, respectively (Fig.

S9 in Supporting information). In addition, the OVA-loaded HPL

nanoparticles showed similar expression of CD86 and TNF-α (498.1
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Fig. 3. (A) CLSM photographs and (B) the related colocalization values of those RAW264.7 cells incubated with different OVA-loaded polypeptide nanoparticles with/without

UV irradiation (n = 10).

Fig. 4. (A) Illustration of those sugar-coated polypeptide nanoparticles mediating targeting uptake, UV or intracellular acidic pH triggered OVA release and subcellular escape,

and the immune response; the expression levels of CD86 and CD206 (B) and the secreted TNF-α levels (C) of RAW264.7 when incubated with blank sugar-coated polypeptide

nanoparticles and free FITC–OVA (10 μg/mL) or FITC–OVA loaded ones (n = 3, NS: none significance, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

pg/mL) to their blank ones, which was attributed to slow intra-

cellular OVA release and poor endolysosomes escape without ex-

ternal or internal triggers. In contrast, upon UV irradiation, those

OVA-loaded HPL nanoparticles significantly upregulated CD86 by

1.4-fold and induced a higher TNF-α of 639.0 pg/mL with 28.3%

increment; and the ratio of M1/M2 dramatically increased from

about 1.9 to 4.5, suggesting the macrophages were mainly polar-

ized into M1. These results indicate that the UV irradiation indeed

accelerated intracellular OVA release and facilitated subcellular en-

dolysosomes trafficking, as confirmed by the above flow cytometry

and CLSM analyses. Remarkably, the OVA-loaded HPM/I nanoparti-

cles activated the highest CD86 expression and the ratio of M1/M2

increased from 2.4 to 8.9, thus inducing the highest TNF-α of 668.4

pg/mL by 37.4% increase than 486.5 pg/mL of the blank HPM/I

nanoparticles and by 20.2% increase than 556.1 pg/mL of OVA-

loaded HPM nanoparticles. This was because the acidic pH of en-

dolysosomes could accelerate OVA release and trafficking into cyto-

plasm by the proton sponge effect of the imidazole groups on the

surface of those HPM/I nanoparticles. Collectively, we can conclude

that (1) all the mannose, lactose and glucose-coated polypeptide

nanoparticles played key roles of immune adjuvants for activating

the macrophages, in which the mannose-coated ones that had best

targeting to macrophages presented best immune adjuvant effect,

(2) either external UV irradiation or endogenous acidic pH could
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trigger intracellular OVA release and simultaneously facilitate sub-

cellular endolysosomes OVA escape into cytoplasm, mainly polar-

izing macrophages into M1, and (3) the combination of mannose

and imidazole modifications would be a practicable strategy to en-

dow the polypeptide nanoparticles targeting and immune adjuvant

effects.

In summary, we synthesized a small library of hyperbranched

polypeptides with different photosensitive NPE, sugar and/or

imidazole groups, which self-assembled into different stimuli-

sensitive and sugar-coated micellar aggregates. Those sugar-coated

polypeptide nanoparticles presented sugar-dependent targeting

and immune adjuvant effects to RAW264.7 cells, in which the

mannose-coated ones that had best specific targeting presented

best immune adjuvant effect than the lactose- or glucose-coated

counterparts. Constructing the polypeptide nanoparticles with

mixed mannose and imidazole corona is a practicable strategy for

targeted OVA delivery to enhance immune response, opening up

a new avenue for highly potent protein/antigen delivery and im-

munotherapy.
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