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HER2 Signaling Pathway with HER2 Glycan-Imprinted 

Nanoparticles 

Yueru Dong, Wei Li, Zikuan Gu, Rongrong Xing, Yanyan Ma, Qi Zhang, and Zhen Liu* 

 

Abstract: Blocking the HER2 signaling pathway has been an effective 

strategy in the clinical treatment of HER2-positive breast cancer. 

Currently, it mainly relies on the use of monoclonal antibodies and 

tyrosine kinase inhibitors, which target HER2 through binding one of 

its domains or sub-domains. Herein we present a new strategy, nano 

molecularly imprinted polymer (nanoMIP). The nanoMIP was 

prepared by a state-of-the-art imprinting approach using all the N-

glycans of HER2 as the template. The glycan-imprinted nanoMIP 

could bind almost all HER2 glycans and permit suppressing the 

dimerization of HER2 with other HER family members, resulting in 

blocking of the downstream signaling pathways and thereby inhibition 

of HER2+ breast cancer growth. In vitro experiments demonstrated 

that the nanoMIP specifically targeted HER2+ cells and inhibited cell 

proliferation at a 30% decrease. In vivo test indicated that the mean 

tumor volume of nanoMIP-treated group was only about a half of that 

of non-treated groups. This study provided not only a new possibility 

to the treatment of HER2+ breast cancer but also new evidence to 

boost further development of nanoMIPs for cancer therapy. 

Breast cancer is the most common tumor among women and has 

become the most frequent cause of cancer death in women in less 

developed regions and the second most common cause of death 

in more developed regions.[1] Human epidermal growth factor 

receptor-2 (HER2) is a member of the epidermal growth factor 

receptor (EGFR) family with a molecular mass of 185 kDa and 

overexpressed in 20-30% of breast cancer.[2] HER2+ breast 

cancer is usually associated with low therapeutic efficacy, high 

cancer metastasis and poor clinical outcomes.[3] The EGFR family 

consists of four closely related receptors: HER1, HER2, HER3 

and HER4. These receptors all include three domains: an 

extracellular domain which is similar among the four receptors, a 

short transmembrane region and an intracellular tyrosine kinase 

domain.[2a] The extracellular domain has four sub-domains (I–

IV).[4] HER2 plays a critical role in the survival, expansion and 

dissemination of breast cancer through a variety of intracellular 

signaling cascades. Heterodimerization of HER2 with other 

EGFRs such as HER1 or HER3 at the extracellular subdomain II 

of HER2 induces phosphorylation of highly conserved tyrosine 

residues within the intracellular tyrosine kinase domain and 

triggers several downstream signaling events such as the 

mitogen-activated protein kinase/extracellular-related kinase 1/2 

(MAPK/ERK1/2) and phosphatidylinositol 3-kinase (PI3K)/Akt 

signaling pathways which regulate cell proliferation, survival, 

migration, angiogenesis, and metastasis.[5] Among the 

heterodimers, the HER2/HER3 dimer is the most potent EGFR 

signaling dimer.[6] Thus, preventing the dimerization of HER2 with 

other EGFRs, especially HER3, provides an effective treatment 

for HER2+ breast cancer. 

Current clinical treatment of early stage HER2+ breast cancer 

mainly relies on monoclonal antibodies and tyrosine kinase 

inhibitors.[7] For example, monoclonal antibody pertuzumab binds 

the extracellular sub-domain II, blocking the dimerization of HER2 

with other EGFR family members such as HER3 and thereby 

inhibiting the downstream signaling pathways.[8] While tyrosine 

kinase inhibitors, such as, lapatinib and neratinib, bind the 

intracellular domain, suppressing the autophosphorylation of 

tyrosine and leading to growth inhibition of HER2+ cancer cells.[6b] 

Besides, a nucleic acid aptamer that binds the extracellular 

domain[9] and a peptidomimetic that binds the extracellular 

subdomain IV[10] of HER2 have been demonstrated to be able to 

inhibit the signaling pathways, providing new possibilities for the 

therapy of HER2+ breast cancer.  

Nanomedicine is a newly merging strategy for cancer therapy. 

Rapid development in nanotechnology towards the advance of 

nanomedicine products holds great promise to improve 

therapeutic strategies against cancer.[11] In nanomedicine for 

cancer therapy, a large range of nanomaterials have been used 

as carriers to deliver cytotoxic drugs to cancer tissues, for which 

the cancer targeting task predominantly relies on the use of 

biomolecules, such as antibodies, antibody fragments, peptides 

and aptamers.[12] Recently, antibody-mimicking nanoparticles 

(NPs) that permit to target and inhibit cancer-related signaling 

pathways opened a new access for anti-cancer treatment. Shea 

et al. synthesized a polymer NP that can bind vascular epidermal 

growth factor (VEGF) and thereby suppress tumor growth through 

reducing blood vessel formation.[13] Besides, Guo et al. reported 

molecularly imprinted NPs that can bind testosterone and thus 

block the testosterone-androgen receptor pathway in prostate 

cancer.[14] Molecularly imprinted polymers (MIPs), synthesized 

through polymerization in the presence of a template, exhibit 

affinity and specificity to the template.[15] Compared with 

antibodies, MIPs have advantages such as easy preparation, 

chemically stable and low cost. MIPs have found important 

applications in many areas, such as separation,[16] sensing,[17] 

drug delivery,[18] disease diagnosis,[19] and photothermal therapy 

of cancer.[20] Clearly, the use of MIPs as cancer therapeutic 
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agents is still a very early stage concept and further evidences of 

inhibiting cancer signaling pathways by MIPs are essential to 

promote the development of MIPs for cancer therapy. 

Herein, we present molecularly imprinted NPs that can block 

the HER2 signaling pathway and thereby inhibit the growth of 

HER2+ breast cancer. The principle of HER2 targeting and 

HER2+ cancer growth inhibition by the nanoMIP is illustrated in 

Scheme 1. Different from above mentioned biochemicals and 

chemicals, which target HER2 through binding one of its domains 

or sub-domains, the imprinted NPs target HER2 via binding with 

its glycans. HER2 is a glycoprotein containing 7 N-glycosylation 

sites on its extracellular domain. All the N-glycans (see Figure S1 

for their structures) are enzymatically digested and purified as the 

templates for the imprinting. The nanoMIP was prepared using a 

state-of-the-art imprinting approach called boronate affinity 

controllable oriented surface imprinting.[21] The obtained glycan-

imprinted NPs can bind almost all HER2 glycans. Because of their 

bigger size as compared with the EGFR members, once binding 

with HER2, the glycan-imprinted NPs block the dimerization of 

HER2 with other EGFR members due to steric hindrance, 

resulting in blocking of the downstream signaling pathways and 

thereby inhibition of the growth of HER2+ breast cancer. Both 

experiments at the cell level and the animal level indicated that 

the glycan-imprinted NPs can specifically target HER2 and inhibit 

the growth of HER2+ cancer. Thus, this study not only provided a 

new access to the treatment of HER2+ breast cancer but also 

presented promising potential of nanoMIPs for cancer therapy. 

 

Scheme 1. Illustration of the principle of blocking the HER2 signaling pathway 

via HER2 glycan-imprinted nanoparticles. 

The preparation of HER2 glycans and the synthesis route of 

HER2 glycan-imprinted dye-doped SiO2 NPs are illustrated in 

Figure S2. The HER2 glycans were digested by N-glycosidase F 

(PNGase F) and purified by ultrafiltration (Figure S2a). SiO2 NPs 

were selected as a substrate for the imprinting because of their 

excellent biocompatibility and feasible surface chemistry. Before 

imprinting, a fluorescence dye such as FITC or NIR797 was 

doped into SiO2 NPs for the convenience of quantitative 

evaluation and fluorescence imaging. HER2 glycan-imprinted 

FITC-doped SiO2 NPs were used for in vitro tests while HER2 

glycan-imprinted NIR797-doped SiO2 NPs were used for in vivo 

experiments. HER2 glycan-imprinted dye-doped SiO2 NPs were 

prepared according to the boronate affinity controllable oriented 

surface imprinting approach[21] (Figure S2b). 

FITC-doped SiO2 NPs exhibited good dispersibility and 

homogeneous size distribution (Figure S3a). The fluorescence 

spectra shown in Figure S3b indicate that FITC was successfully 

incorporated and the spectral properties of FITC did not 

apparently change. The boronate affinity sandwich assay [22] was 

used to evaluate if the FITC-doped SiO2 NPs had been modified 

with 4-formylphenylboronic acid (FPBA) successfully. Before the 

test, a 96-well plate was modified with phenylboronic acid. Alizarin 

Red S (ARS) was used to evaluate whether the wells were 

modified with phenylboronic acid successfully. Figure S4 confirms 

successful modification because the fluorescence intensity of 

modified wells was much stronger than that of control wells. 

Figure S5 shows that the fluorescence intensity of wells incubated 

with FPBA-functionalized FITC-doped SiO2 NPs was four times of 

wells with non-functionalized FITC-doped SiO2 NPs, suggesting 

that the FITC-doped SiO2 NPs were successfully modified with 

FPBA. 

 

Figure 1. a) TEM image of HER2 glycan-imprinted FITC-doped SiO2 NPs. b) 

DLS characterization of HER2 glycan-imprinted FITC-doped SiO2 NPs. c) 

Response of HER2 glycan-imprinted FITC-doped SiO2 and non-imprinted FITC-

doped SiO2 NPs towards HER2 glycan at different imprinting time. d) Selectivity 

of HER2 glycan-imprinted FITC-doped SiO2 NPs towards different proteins. 

HER2(-): glycans-removed HER2. The error bars represent the standard 

deviation for four parallel experiments. 

The prepared imprinted NPs were well shaped, with a diameter 

of about 70 nm (Figure 1a and 1b). According to the boronate 

affinity controllable oriented surface imprinting approach, the 

thickness of the imprinting layer was directly proportional to the 

imprinting time.[20] According to the estimated length of the 

glycans (Figure S1), we optimized the imprinting by setting the 

polymerization time at 40, 50, 60 and 70 min and evaluated the 

imprinting effect in terms of imprinting factor (IF). The IF value was 

calculated according to the ratio of the fluorescence intensity of 

template-bound MIP captured by boronic acid-functionalized 

wells over that for template-bound non-imprinted FITC-doped 

SiO2 NPs (NIP). The NIP was prepared with the same procedure 

as the MIP except that there was no template immobilization and 

therefore can be used as a good control of the MIP. Figure 1c 

shows that the optimal imprinting time was 60 min, giving a 

highest IF value (8.02). Thus, we chose 60 min as the imprinting 
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time in later experiments. According to the established protocol,[21] 

the thickness of the imprinting layer produced by 60 min was 

estimated to be about 2.9 nm. The total lengths of the glycans of 

HER2 plus the boronic acid ligand were estimated to range from 

3.0 to 4.4 nm (Figure S1). Thus, the coverage of the glycans by 

the imprinting layer was estimated to be 66-97%. This suggests 

that all the glycans were well imprinted. Considering possible 

error of the estimation, it can be conservatively concluded that the 

nanoMIP could be able to bind almost all the glycans. The 

specificity of the prepared nanoMIP was evaluated by a modified 

version of boronate affinity sandwich assay, in which the 96-well 

plate was modified with glutaraldehyde instead of FPBA because 

the proteins used for selectivity test were not all glycoproteins. 

Horseradish peroxidase (HRP) was used as a test protein to 

evaluate whether the wells were modified with glutaraldehyde 

successfully. The results shown in Figure S6 indicate successful 

modification. HER2, HER2 with glycans removed by PNGase F 

(HER2(-)), recombinant human epidermal growth factor receptor 

(EGFR), recombinant erythropoietin (EPO) and native 

carcinoembryonic antigen (CEA) were used as test proteins. The 

nanoMIP showed excellent specificity to HER2 while non-

imprinted polymers (NIPs) showed very poor specificity towards 

the target glycoprotein (Figure 1d), indicating that the specificity 

of the MIP was due to the affinity of the cavities of the MIP toward 

HER2 rather than nonspecific adsorption of the imprinting layer. 

To further verify the feasibility of the boronate affinity 

controllable oriented surface imprinting approach, we chose the 

N-glycans of EPO protein as templates to synthesize EPO 

glycans-imprinted FITC-doped SiO2 NPs (eg-MIP). The selectivity 

of eg-MIP towards to EPO and HER2 is shown in Figure S7. The 

eg-MIP showed high affinity to EPO but weak affinity towards 

HER2. 

The cytotoxicity of the nanoMIP to normal mammary epithelial 

MCF-10A cells was investigated by the 3-(4, 5-dimethylthiazol-2-

yl)-2, 5-diphenyltertrazolium bromide (MTT) assay. The result 

shows that the nanoMIP was nearly nontoxic to normal cells when 

the concentration was lower than 400 μg/mL (Figure S6). 

To verify the selectivity of the nanoMIP towards HER2+ cancer 

cells over HER2- cancer cells, SKBR-3 breast cancer cells 

(overexpressing HER2) and MCF-7 breast cancer cells (low 

expressing HER2) were chosen as model cell lines. As shown in 

Figure 2, after stained with the nanoMIP for 30 min, SKBR-3 cells 

showed strong fluorescence while MCF-7 cells showed limited 

fluorescence. Meanwhile, all the cells stained with NIPs showed 

almost no fluorescence. Flow cytometry (FCM) was used to 

further verify the selectivity of the nanoMIP towards HER2+ 

cancer cells. After stained with the nanoMIP, SKBR-3 cells 

showed strong fluorescence, whereas MCF-7 cells showed weak 

fluorescence. All the cells stained with NIPs showed very weak 

fluorescence (Figure S9). These results indicate that the nanoMIP 

can specifically target HER2+ cancer cells. 

 

Figure 2. Confocal fluorescence imaging of SKBR-3 and MCF-7 cells after staining with HER2 glycan-imprinted FITC-doped SiO2 NPs 
and non-imprinted FITC-doped SiO2 NPs, respectively. The concentration of the NPs was 200 μg/mL. 

 

We also investigated the selectivity of FPBA- functionalized 

FITC-doped SiO2 NPs and eg-MIP. FPBA-functionalized FITC-

doped SiO2 NPs failed to distinguish HER2+ cancer cells (Figure 

S10). This is because FPBA cannot differentiate the glycans on 

HER2 from other glycans. The cancer cells incubated with eg-MIP 

showed very weak fluorescence signal (Figure S11), which 

indicates that eg-MIP had no affinity to HER2. The results further 

illustrated the outstanding specificity of nanoMIP to HER2. 

The cell proliferation inhibition activity of the nanoMIP were 

evaluated. As shown in Figure 3a-c, the proliferation inhibition 

activity of nanoMIP was dose- and time-dependent. At a dose of 

100 μg/mL, the nanoMIP apparently inhibited the growth of 

SKBR-3 cells, exhibiting inhibition by 14.8, 19.0 and 24.7% after 

incubated for 24, 48 and 72 h, respectively. At a concentration of 

200 μg/mL, the inhibition of cell proliferation after incubated for 72 

h reached 33.5%. As a comparison, MCF-7 cells didn’t exhibit 

obvious proliferation inhibition after incubated with the nanoMIP. 

Meanwhile, both SKBR-3 and MCF-7 cell lines exhibited little 

proliferation inhibition after incubated with NIPs. The proliferation 

inhibition of cancer cells was assigned to the suppression of 

heterogeneous dimerization by the binding of the nanoMIP to 

HER2. To verify our hypoyhesis, the phosphorylation level of 

HER2 was evaluated using the western blot analysis. Figure 3d 

indicates that the protein extracted from cells incubated with the 

nanoMIP showed a significant inhibition of HER2 phosphorylation 

as compared with control groups. These results suggest that 
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binding of nanoMIP with HER2 blocked the heterodimerization of 

HER2, leading to proliferation inhibition of HER2+ cancer cell. 

 

Figure 3. Inhibition of SKBR-3 cell and MCF-7 cell growth by HER2 glycan-

imprinted FITC-doped SiO2 NPs and non-imprinted FITC-doped SiO2 NPs after 

treatment of a) 24, b) 48 and c) 72 h. (d) Western blot showing the effect of PBS, 

non-imprinted FITC-doped SiO2 NPs and HER2 glycan-imprinted FITC-doped 

SiO2 NPs on the phosphorylation of HER2 kinase domain. β-Actin was used to 

ensure equal loading. The error bars represent the standard deviation for four 

parallel experiments. 

 

Figure 4. a) In vivo fluorescence imaging of SKBR-3 tumor after intravenous 

injection of HER2 glycan-imprinted NIR797-doped SiO2 NPs (top) or non-

imprinted NIR797-doped SiO2 NPs (bottom), b) Mean tumor volume, c) Mean 

tumor weights after excision at day 21, d) Representative photographs of mice 

tumors after treatment for 21 day, and e) Body weight of the mice in different 

groups after treatment at different time intervals. The error bars represent the 

standard deviation for five parallel experiments. 

Before in vivo experiments, we investigated macrophage 

uptake towards the nanoMIP. Confocal image shows that the 

macrophage endocytosed only a little amount of nanoMIP after 

incubation of 5 h (Figure S12). We further quantified macrophage 

uptake by fluorescence intensity remaining in supernatant after 

incubation of macrophages with the nanoMIP for a certain time. 

The result shown in Figure S13 indicates that the macrophage 

could endocytose only a small portion of the nanoMIP, which is 

beneficial to cancer therapy in vivo.  

The specificity of the nanoMIP towards HER2 overexpressed 

tumor in vivo was investigated by fluorescence imaging of the 

biodistribution of the nanoMIP in SKBR-3 tumor-bearing female 

nude mice. Figure 4a shows the biodistribution of the nanoMIP 

and NIP after intravenous injection for 1, 5, 9, 13, and 15 days, 

respectively. Strong fluorescence signals were observed in the 

tumor site and the fluorescence intensity became stronger as time 

proceeded in the mice intravenous injection with the nanoMIP. 

Fluorescence signals were still observed in the liver in the initial 

five days. In comparison, mice treated with NIP showed almost 

no fluorescence in the tumor sites. These results indicate that the 

nanoMIP could specifically recognize SKBR-3 tumor while the 

NIPs failed to do so. 

We finally investigated the in vivo antitumor activity of the 

nanoMIP in nude mice with a SKBR-3 cell xenograft tumor model. 

Figure 4b shows the change in the tumor volume of the mice with 

different treatments. The groups treated with PBS and NIP 

showed fast tumor growth rate whereas obvious tumor growth 

inhibition was observed in the mice treated with the nanoMIP. The 

measured weight and size of tumor isolated at day 21 after 

treatment were consistent with the tumor volumes (Figure 4c and 

4d), which were almost half of those of control groups. As a 

comparison, the tumor inhibition caused by pertuzumab by 

Mendelsohn and coworkers [23a] was estimated from the published 

data to be 41, 51.5 and 74% after treatment of 21 days, while 

Hasmann and coworkers reported a 38% tumor growth inhibition 

of pertuzumab on breast cancer xenografts models.[23b] 

Meanwhile, Jois and coworkers showed that lapatinib could inhibit 

73% of tumor growth after a 19-day treatment on breast cancer 

xenografts mice.[23c] These results suggest that our results are 

well acceptable. Meanwhile, the nanoMIP caused little weight 

change during the treatment (Figure 4e), indicating that the 

nanoMIP had almost no biological toxicity. All the results proved 

that the nanoMIP effectively inhibited tumor growth in vivo.  

In summary, we have demonstrated a new strategy utilizing 

nanoMIP to inhibit HER2+ breast cancer growth. The synthesized 

nanoMIP could specifically bind HER2+ breast cancer cells via 

binding the glycans of HER2 and block the HER2 dimerization 

signaling pathway via suppressing the dimerization of HER2, 

leading to cancer growth inhibition. This study provided robust 

evidence for using nanoMIPs as a new option of nanomedicine 

for effective therapy of cancer. Since many signaling proteins are 

glycoproteins and the imprinting protocol employed is applicable 

for various glycans, the strategy presented herein can be facilely 

extended to many other signaling pathways. Thus, the presented 

strategy can facilitate rapid development of nanoMIPs for cancer 

therapy. 
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