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Advances in shape-dependent nanoparticles (NPs) research have prompted for a close scrutiny of the behaviour of 

nanostructures in vitro and in vivo. Data pertaining to the cellular uptake and the site specific sequestration of different 

shapes of NPs will undoubtedly assist to design better nano-probes for the therapeutic and imaging purposes. Herein, we 

investigated the shape dependent uptake of glyco-gold nanoparticles (G-AuNPs) in different cancer cell lines. Specifically, 

we have compared the behaviour of spheres, rods and star AuNPs with mannose and galactose conjugations.  In vitro 

experiments showed that rod-AuNPs exhibited the highest uptake than that of the star and spherical counterparts. 

Further, investigation of the mechanism of uptake clearly demonstrated the clathrin mediated endocytosis of the specific 

G-AuNPs.  These results reveal the benefits of different G-AuNPs shapes in carbohydrate-mediated interactions. 

 

1. Introduction 
Carbohydrates are the most abundant class of biomolecules on cell 

surfaces which are critically important for the cellular behaviour 

and functions and considered to be the first line of interaction 

between different pathogens, toxic materials, and between 

different cells.
1-2

 Hence, carbohydrates are of central importance in 

the development of the next-generation biomarkers. However, the 

avidity of the monovalent carbohydrate-protein interactions is 

usually weak. Glyco-nanotechnology has provided multivalent 

scaffolds to increase the avidity of carbohydrate-mediated 

interactions and also has offered additional optical and 

electrochemical properties to develop biosensors and imaging 

tools.
3-5

 In addition to the multivalency, the investigation showed 

that the size, orientation and density of the sugars on multivalent 

scaffolds can fine tune specific carbohydrate-protein interactions 

(CPI).
6-12 

For example, Kiessling et al. have shown the importance of 

multivalent ligand architectures in CPI.
13

 Penadés et al. developed a 

protocol to synthesize AuNPs with the hybrid-sugar system to 

explore its applications in blood brain barrier permeability, anti-HIV 

pro-drugs carrier.
14-16 

 Galan et al. developed glyco-quantum dots 

with defined glycan density and the nature of the oligosaccharide 

structures to tune the cell uptake and intracellular localization.
17

 

Seeberger et al. have shown the orientation and spatial 

arrangements of sugars that influence the relative activity.
18-19

 Also, 

recent studies have demonstrated that the different shapes of the 

nanoparticles influenced the cellular uptake, biodistribution, and 

immune response.
20

 High molecular stimulation in vitro and in vivo 

studies reported that elongated shapes have enhanced 

translocation rate over spherical ones and might have contributed 

to the structural evolution of pathogens such as bacteria and virus 

from spherical to rod-like morphologies. Among the existing shape 

dependent nanoparticles to date, gold nanoparticles have been at 

the forefront of nanotechnology research.
21-27

 Questions regarding 

the shape dependent in vitro uptake and in vivo distribution have 

been thoroughly investigated by conjugating ligands such as 

antibodies, peptides, and aptamers to alter both the cytokine 

response, sequestration of NPs in different organs and clearance.
28-

31
 However, deciphering the shape dependent carbohydrate-

mediated interactions undoubtedly assist in understand the origin 

of cell surface carbohydrates behaviour on endothelial, epithelial 

and neural cells which exhibit different shapes. To the best of our 

knowledge, no attempt has been made to study the shape-

dependent CPI in in vitro models. Herein, we synthesized 3 different 

shapes of G-AuNPs and interpreted their roles in carbohydrate-

mediated lectin binding and cellular uptake. Finally, we also studied 

the mechanism of cellular uptake of G-AuNPs using different 

pathway inhibitors. Our screening deciphers the role of shape in 

designing the next generation phenotypic specific drug delivery 

probes. 

2. Results and discussion 

Synthesis and lectin binding affinity of the G-AuNPs. PEG linker (1) 

and sugar ligands (2-3)
 
(Fig. 1(i)) were covalently conjugated to 

AuNPs using previously reported ligand exchange processes.
32 

To 

demonstrate the sensitive and selective binding between G-AuNPs 

and lectins, we performed ELISA plate inhibition assay using ConA, 

DC-SIGN and PNA lectins with G-AuNPs. Briefly, mannose-BSA and 

galactose-BSA, as reference ligands, were immobilized on a 96-well 

plate and treated with HRP-conjugated ConA or PNA lectins (1 

mg/ml), in the presence of G-AuNPs, at different concentrations. In 
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case of DC-SIGN, lectin treatment was followed by HRP anti-IgG. 

After incubation, HRP was catalyzed and logarithmic curve for 

inhibition of lectin binding was plotted and IC50 values were 

determined. Table 1 summarizes the IC50 values of G-AuNPs. 

Mannose conjugated AuNPs exhibited substantial inhibition of ConA 

and DC-SIGN lectins, while galactose or PEG-conjugated G-AuNPs 

showed no affinity at all. Among three different shapes, rod-AuNPs 

exhibited nearly 3-fold more potent inhibition than spherical and 

star-shaped AuNPs. To demonstrate the possible selectivity of the 

binding, we performed inhibition assay with PNA lectin (Fig. S5). As 

expected, mannose-conjugated AuNPs didn’t bind at all, while a 

significant inhibition was seen with galactose-coated AuNPs. Among 

the different shapes of AuNPs, rod-AuNPs once again demonstrated 

much more inhibition sensitivity compared to spherical and star 

counterparts. Overall, these results showed that the aspect ratio 

and surface to volume ratio of the rod-AuNPs influence the strong 

binding affinity with lectins.  
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Fig. 1 (i) Structures of sugar conjugated AuNPs (G-AuNPs) (a) sphere; (b) rod 

and (c) star. (ii) Zeta potential of G-AuNPs in water and DMEM media. (iii) 

MTT assay showing the cell viability of sphere, rod and star shape G-AuNPs 

at 37 °C for 48 h incubation with HeLa cells. 

 

 

Table 1. IC50 values of G-AuNPs for inhibition of lectins 

G-AuNPs ConA (Nps/ml) DC-SIGN PNA 

S-2 2.6 × 10
6
 4.3 × 10

6
 - 

R-2 9.5 × 10
5
 1.1 × 10

6
 - 

St-2 1.4 × 10
6
 2.7 × 10

6
 - 

S-3 - - 2.5 × 10
6
 

R-3 - - 8.7 × 10
5
 

St-3 - - 1.3 × 10
6
 

 

Cellular cytotoxicity and uptake studies. The difference in the 

binding affinity of G-AuNps was further assessed in in vitro model. 

As the proteins present in the biological media can destabilize the 

NPs structures and functions, we first assessed the stability of the 

AuNPs in DMEM medium containing 10% FBS. The incubation of 

each AuNPs in biological medium showed no significant shift in the 

UV-visible profile after 24 h, which confirmed the stability of the 

shape and the size of the AuNPs. In contrast, the zeta-potential of 

the G-AuNPs varied quite significantly, indicating that the 

nanoparticles were surrounded by a soft layer of serum proteins 

and modulated the charge distribution on the GAuNPs (Fig 1(ii)). 

These results demonstrated that G-AuNPs retained their shape and 

stability in biological medium. All these results correlate to Chan et 

al results.
25

 

After confirming the stability of the AuNPs, we investigated the 

uptake kinetics and mechanism using DC-SIGNtransfected and 

knockdown HeLa (human cervical cancer cells), HepG2 

(hepatocellular liver carcinoma) and MDA-MB-231 (human breast 

cancer) cells.
33-39

 To assess the relative toxicity of the GAuNPscell 

viability was evaluated using MTT assay in HeLa (cancer) and NIH-

3T3 (normal) cell lines, incubated with different concentrations (2.2 

× 10
6
 – 1.1 × 10

9 
NPs per ml) of PEGylated and G-AuNPs. It can be 

seen that both the HeLa and NIH-3T3 (Fig. 1(iii) & S4) cells did not 

show any significant cytotoxicity up to 4.5 × 10
8
 NPs per ml even 

after 48 h. Hence, we set the above concentration as an ideal 

condition for further in vitro studies. 

We then addressed the cellular internalization of G-AuNPs by 

measuring the gold concentration inside the cells. DC-SIGN-

transfected HeLa cells were incubated with PEGylated and G-AuNPs 

for 4 h, 24 h, and 48 h respectively, followed by washing to remove 

unbound AuNPs. The cell pellets were dissolved in aqua regia 

solution and the gold concentration was quantified by inductively 

coupled plasma mass spectrometry (ICP-MS). The mannose-AuNPs 

exhibited the highest number of uptake compared to galactose or 

PEGylated-AuNPs in transfected HeLa cells. Among the different 

shapes of mannose-AuNPs, R-2 showed approximately 3-fold 

increase in the number of NPs uptakes compared to S-2 and St-2 

after 4 h incubation and this trend continued for next 24 h and 48 h 

(Fig. 2a-c). The probable reason for the highest number of rod-

AuNPs uptake may be attributed to the fact that rod nanoparticles 

exhibited (1) aspect ratio, which could increase adhesion of particle 

to the cell surfaces, (2) high contact area of rod-AuNP with respect 

to external stimuli and (3) self-assembly of rod-AuPs. To confirm the 

selectivity, we also studied the nanoparticles uptake profile with 

DC-SIGN knockdown HeLa cells. ICP-MS clearly revealed the 

significant decrease in the mannose-AuNPs uptake, revealing the 

selective uptake of the AuNPs via receptors (Fig. 2d-f).
33-35

 Further, 

we performed the uptake kinetics with MDA-MB-231, which has 

both mannose and galactose receptors.
36

 ICP-MS results clearly 

revealed that the rod-AuNPs uptake is dominated compared to that  

 

(i) 

(ii) 

(iii) 

(a) (b) (c) 
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of two other shapes and we could see the uptake of both the 

mannose and the galactose-AuNPs (Fig. 2g-i). However, the number 

of mannose-AuNPs uptake was relatively higher than that of 

galactose-AuNPs, which indicated that the mannose receptors on 

the cell surfaces are more active than the galactose receptors. 

Finally, the above experiment was further confirmed with HepG2 

cells, which has asialoglycan galactose receptors.
37-39

 As expected, 

rod-AuNPs (R-3) was taken up much higher than other AuNPs (Fig. 

2j-l). After 24 h and 48 h, the concentration of these AuNPs 

decreased. These results strongly suggest that nano-rods can induce 

specific fast uptake via carbohydrate receptors on the cell surfaces.  

To validate the results with different cell lines with G-AuNPs, a 

more conventional dark field microscopic (DFM) imaging study was 

performed.
40 

Figure 3i displays DFM images of DC-SIGN transfected 

HeLa, knockdown HeLa, MDA-MB-231 and HepG2 cells after 24 h 

incubation. In transfected HeLa cells, the bright spots from 

mannose-AuNPs (S-2, R-2, St-2) were observed close to the cell 

surfaces and in the cytoplasmic regions and the relative intensity of 

these bright spots was higher than PEG and galactose  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

counterparts. Similar results were observed with the cell line MDA-

MB-231 and HepG2 with respect to the carbohydrate receptors.  

Finally, the transmission electron microscopic (TEM) images of 

transfected HeLa cells were collected to confirm AuNPs 

sequestration. TEM images displayed a significant number of R-2 

sequestration in the cytoplasmic region compared to S-2 and St-2 

(Fig. 3q-s). Moreover, we observed that the nano-rods were aligned 

parallelly and/or perpendicularly to each other. Overall, these 

results clearly showed that the shapes of the AuNPs indeed 

modulate the CPI. 

Cellular Internalization pathway of R-2 in HeLa cells. To prove  the 

mechanism of endocytosis, we utilized different known inhibitors 

for dynamin, clathrin and caveolae pathways to analyze the 

mechanism of internalization in DC-SIGN transfected HeLa cells.
41-42

 

Both ICP-MS and dark field imaging tools were used to analyze the 

data (Fig 3ii & 3iii). To evaluate the energy-dependent endocytosis, 

we incubated the cells with NaN3 for 30 mins to deplete ATP, 

followed by the addition of R-2 NPs for 4 h. We observed a strong 

decrease in cellular uptake of R-2, confirming the active endocytic 

pathway of internalization in HeLa cells. We  

   

 

  

 

    

Fig. 2  Statistical analysis of ICP-MS data of HeLa (DC-SIGN transfected), HeLa (DC-SIGN knockdown), MDA-MB-231 and HepG2 at different time intervals. 

(a) HeLa-4h; (b) HeLa-24 h; (c) HeLa-48 h; DC-SIGN knockdown of (d) HeLa-4h; (e) HeLa-24 h; (f) HeLa-48 h (g) MDA-MB-231-4 h; (h) MDA-MB-231-24 h; (i) 

MDA-MB-231-48 h; (j) HepG2-4h; (k) HepG2-24h; (l) HepG2-48h. Data are presented as mean ±SEM for three independent experiments (***P<0.001, 

**P<0.01 *P<0.05 and n.s = not significant). 

(a)             (b)          (c)           (d)

(e)             (f)          (g)           (h)

(i)               (j)            (k)          (l)  
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next established dynamin-dependent uptake. The addition of 

dynasore hydrate resulted in blocking dynamin function inhibiting 

the internalization of R-2, indicating that the internalization follows 

the conventional trend of clathrin or caveolae pathway. Further, we 

studied the effect of methyl-β-cyclodextrin (Me-β-CD), which inhibit 

caveolae-mediate endocytosis and chlorpromazine (inhibitor for 

clathrin-mediated endocytosis). As shown in figure 4, cells that 

were pre-treated with clathrin inhibitor showed a significant 

reduction in internalization, whereas, Me-β-CD pre-treatment 

showed negligible inhibition effect. These results validated that the 

R-2 internalize via energy-dependent, clathrin-mediated 

endocytosis. Finally, we studied the uptake of R-2 in the presence of 

Man-9-glycan that blocks the DC-SIGN receptor. The high mannose 

pre-treatment of cells dramatically reduce uptake of R-2. Altogether 

this clearly proves that R-2 uptake depends on the DC-SIGN 

receptor on clathrin-mediated endocytosis. A similar experiment 

with HepG2 cells also revealed the clathrin-mediated endocytosis 

(Fig. S6). 

3. Conclusions 

A library of different shapes of glyco-AuNPs was synthesized and we 

used them as a tool to characterize the cellular uptake. ELISA plate 

lectin inhibition assay revealed that selectivity and sensitivity of the 

binding depended not only on the sugar composition but also was 

influenced by the shape of the AuNPs. In vitro experiments further 

supported the high affinity of rod-AuNPs compared to spherical and  

 

 

star counterparts. The mechanistic insight clearly demonstrated the 

clathrin-mediated mannose-dependent endocytosis. We anticipate 

that this shape-dependent enhancement of cellular uptake offers a 

new dimension to synthesize multivalent glyco-probes for 

diagnostic and therapeutic applications.
43-44

 
 

4. Experimental Section 
MTT assay 

The cell viability was assessed by MTT (3-(4, 5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) assay in HeLa and NIH-

3T3 cells. The NIH-3T3 and HeLa cells in monolayers were 

cultured in DMEM with 10% FBS medium in 100 mm cell 

culture dishes. Cells were trypsinized and plated at a density of 

10,000 cells per well in a 96 well plate and once the cells got 

adhered, they were treated with varying concentration of 

AuNPs (number of nanoparticles) and incubated for 48 h. The 

medium was replaced and 10 µl of MTT was added to each 

well and incubated for 4 h at 37°C. Formazan crystals were 

dissolved in 100 µl of DMSO and absorbance at 570 nm was 

recorded using microplate reader.  

 

Preparation of Cell samples for ICP-MS analysis  

For the quantitative analysis of gold (Au) contents in the 

cellular uptake study, HeLa, MDA-MB-231 and NIH-3T3 cells 

(10
4
 cells per plate) were incubated with the rod, sphere and 
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Fig. 3 (i) Dark field microscopic images of rod shape nanoparticles incubated with HeLa (DC-SIGN transfected), HeLa (DC-SIGN knockdown), MDA-MB-231

and HepG2 cells for 24 h at 37 °C. (a) HeLa-control; (b) HeLa, R-1; (c) HeLa, R-2; (d) HeLa, R-3; DC-SIGN knockdown of (e) HeLa-control; (f) HeLa, R-1; (g)

HeLa, R-2; (h) HeLa, R-3; (i) MDA-MB-231-control; (j) MDA-MB-231, R-1; (k) MDA-MB-231, R-2; (l) MDA-MB-231, R-3; (m) HepG2-control; (n) HepG2, R-1;
(o) HepG2, R-2; (p) HepG2, R-3. TEM images of HeLa cells contain (q) S-2; (r) R-2; (s) St-2 after 24 h. (ii) Dark field microscopic images of HeLa cells treated

with inhibitor for 30 mins followed by R-2 after 4 h. (a) control R-2 after 4 h; (b) NaN3 (50 mM); (c) dynosore (50 µM); (d) chlorpromazine (25 µM); (e)

Me-β-cyclodextrin (10 mM); (f) Mannose-9-glycan (50 mM). (iii) Statistical analysis of ICP-MS data in presence and absence of inhibitor after 4 h. Data are

presented as mean±SEM for three independent experiments.

 

(a)                    (b)                          (c)                           (d) 

(e)                    (f)                          (g)                           (h) 

(i)                    (j)                           (k)                           (l) 

(m)                    (n)                          (o)                        (p) 

(q)                              (r)                                    (s)                         

(a)                              (b)                                    (c)  

        

 

(d)      (e)      (f)                 

(i)   

(ii)   

(iii)   
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star AuNPs (5×10
8
 nanoparticles) for 4h, 24h and 48h at 37 ºC. 

The medium was removed and cells were washed with PBS ( 3 

times) before trypsinizing, centrifuged and the cell pellets 

were digested at 85 °C with 200 µl of fresh aqua regia for 4 h. 

Then each digested sample was diluted to 6 ml with Millipore 

water. The concentration of gold, determined by ICP-MS 

(Thermo-Fisher Scientific, Germany), was converted into the 

number of AuNP per cell. 

 

Dark filed images of cell lines 

Cellular uptake of AuNPs was examined using dark field 

microscopic images. HeLa, MDA-MB-231 and NIH-3T3 cells 

(10
4
 cells per plate) were seed into 6 well plate with cover slip 

at the bottom and allowed to grow for 24 h in DMEM medium 

containing 10% FBS. Then cells were treated with AuNPs 

(5×10
8
 nanoparticles) and incubated at 37 °C for 24h. Later, 

cells were washed 3 times with PBS and fixed with 4% 

paraformaldehyde at 37 °C for 15 min. The coverslips were 

then placed on the slide and fixed it with mounting media and 

dark field images were collected by exciting the cells with 

white light. 

 

TEM images of cells containing nanoparticles 

The uptake of different shapes of AuNPs by HeLa cells was assessed 

by transmission electron microscopy. HeLa cells (10
4
) were seeded 

in 6-well plates at 37 °C for 4 h.  Cells were treated with different 

shapes of AuNPs (5×10
8
 nanoparticles) for 24 h at 37 ºC, followed by 

trypsinization. The pellet was fixed with 2.5% of glutaraldehyde in 

PBS for 4 h. The fixed cells were washed with PBS, further treated 

with 1% osmium tetroxide in water, then again washed with 

Millipore water for 2 times. The pellet was stained with 2% uranyl 

acetate in water for 1 h in dark after that the cells were again 

washed with water further dehydrated in ethanol (50%, 75%, 95% 

and 100%). The cell pellet was made into blocks by using Epon resin 

kit (DER 332, DER 732) by heating at 60 °C for 48 h. Sections of 70–

90 nm thickness were cut on an ultramicrotome (RMC MTX) using a 

diamond knife. The sections were deposited on carbon-film copper 

grids and lead citrate treatment at room temperature for 3 min 

prior to TEM.  

 

Cellular uptake mechanism 

For all these experiments, DC-SIGN transfected HeLa cells were 

grown in 8-well chamber cover glass (1 × 10
4
 cells/well) and treated 

with the specific inhibitor for 30 mins followed by R-2 (5 × 10
8
 NPs 

per ml) for 4 h at 37 °C. For energy dependent study, cells were 

incubated for 30 mins with NaN3 (50 mM). For dynamin-mediated 

(clathrin and caveolae-mediated uptake) cells were treated with 

dynasore Hydrate (50 µM). For clathrin mediated uptake studies 

chlorpromazine (25 µM) were added. For caveolae mediated 

uptake, cells were treated with methylated-β-cyclodextrin (10 mM).  

For mannose-dependent uptake, cells were treated with high 

mannose glycans (1µg) for 30 mins. After 4 h of R-2 treatment, cells 

were washed to remove unbound materials, ICP-MS and dark field 

images of these samples were done as reported in respective 

sections. Similarly, we performed same experiments for HepG2 by 

incubating with R-3.  
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