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ABSTRACT 
Controlling the cellular interaction and internalization of polymer-modified nanoparticles (NPs) is of central importance to the development of 
promising nanomedicines. Here, we describe the use of synthetic polypeptides for NP surface coating and regulation of their cellular uptake 
behaviors by simply switching the conformation and anchoring orientation. Our results show that gold NPs (AuNPs) coated with a helical 
poly(γ-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)esteryl L-glutamate) (L-P(EG3Glu)50) from the C-terminus ((L-C)-AuNPs) exhibit greater zeta 
potential and more cellular uptake (2.0–5.5 fold higher) than those coated with the same polypeptide but anchored from the N-terminus 
((L-N)-AuNPs), or from both the C- and N-terminus at a 1/1 molar ratio ((L-C/L-N)-AuNPs). A similar orientation-regulated cellular internalization 
pattern is observed in D-P(EG3Glu)50 but not the unstructured DL-P(EG3Glu)50-modified AuNPs, suggesting an important and universal role 
of the helix-derived macrodipole in cellular uptake. Moreover, this orientation-governed internalization is successfully reproduced in 
P(EG3Glu)50-coated gold nanorods (AuNRs), and applied to the design of doxorubicin-loaded polypeptide micelles. Simulation study offers 
time-resolved insights regarding the NP–membrane interactions and membrane remodeling. Thus, our study provides a delicate way of 
regulating the surface chemistry of NPs and the subsequent NP–cell interactions. Moreover, the results highlight the uniqueness of polypeptides 
in NP surface engineering, and urge a more careful consideration on the polymer orientation effect. 
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1 Introduction 
Numerous inorganic, organic, and lipid-based nanoparticles (NPs) 
have been developed for biomarker sensing [1, 2], diagnostic 
imaging [3–5], and therapeutic nanomedicines [6–9]. It has been 
widely accepted that the ultimate fate of the NPs in biological 
systems is governed by many physicochemical parameters. Often, a 
minor change in one of these parameters can lead to significant 
alteration of their biological outcomes both in vitro and in vivo 
[10–12]. Thus, identifying the critical structural characters, correlating 
them with the corresponding biological responses, and elaborating 
the mechanism of action, are of central importance. Taking the 
cellular internalization step as an example, many pioneering works 
have highlighted the pivotal role of the size [13–15], shape [16, 17], 
morphology [18–20], charge [21, 22], surface chemistry [22, 23], and 
rigidity [24] of different NPs.  

Peptides and polypeptides are commonly used in the synthesis 
and modification of polymeric and inorganic nanoparticles [25–29]. 
One unique feature of peptides is their helical conformation that is 
more rigid than the unstructured coil. Previous works have shown 

that the helix of cell-penetrating peptides (CPPs) is essential to 
their membrane activity [30]. Moreover, the peptidic helix is known 
to have a macrodipole arising from the cumulative effect of the 
unidirectionally aligned individual peptide dipoles parallel to the 
helical axis [31]. This marcodipole can in turn generate an electrostatic 
field with a partial negative and positive pole near the C- and 
N-terminus, respectively [32, 33]. On substrate surfaces, controlling 
the orientation of peptide/polypeptide helix can regulate the self- 
assembly behaviors [34, 35] and implement unprecedented redox 
[36], piezoelectric [37], and electro-optical [38, 39] properties. 
Recently, we have demonstrated that when neutral or zwitterionic 
nonfouling polypeptides are coated on gold chips, both the helical 
conformation and the anchoring orientation can impact their anti- 
adsorption and anti-adhesion behaviors [40]. These unconventional 
findings inspire us to further study how the conformation and 
orientation of the synthetic polypeptide-modified NPs interact 
with cells, which is often overlooked and poorly understood. We 
hypothesize that the parallel-aligned (i.e. exclusively C- or N-terminal 
anchored) or antiparallel-orientated (i.e. both C- and N-terminal 
anchored) helical polypeptides on NPs may act cooperatively to  
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create surfaces with subtle alteration in macrodipole charges, and 
thus delicately regulate their cellular interaction and internalization 
behaviors. 

2 Experiment section 
2.1 Synthesis of thiol functioned poly(γ-(2-(2-(2- 
methoxyethoxy)ethoxy)ethoxy)esteryl glutamate) (P(EG3Glu)) 

L-, D-, and DL-P(EG3Glu)s were synthesized from the ring-opening 
polymerization of L-, D-, and DL-γ-(2-(2-(2-methoxyethoxy)eth-
oxy)ethoxy)esteryl glutamate-N-carboxyanhydride (DL-EG3Glu-NCA), 
respectively [41]. Thiol functionalization of P(EG3Glu)s at the C- 
and N-terminus was conducted according to our previous reports 
[40]. In this work, the right-handed helical L-P(EG3Glu)s with the 
thiol at the C- and N-terminus were denoted as L-C and L-N, 
respectively; the equal molar mixture of L-C and L-N was named as 
L-C/L-N. Similarly, the left-handed helical D-P(EG3Glu)s with the 
thiol at the C- and N-terminus were denoted as D-C and D-N, 
respectively; the equal molar mixture of D-C and D-N was named as 
D-C/D-N. Unstructured DL-P(EG3Glu)s with the thiol at the C- and 
N-terminus were denoted as DL-C and DL-N, respectively; the 
equal molar mixture of DL-C and DL-N was named as DL-C/DL-N. 
Of note, the N-termini of L-C, D-C, and DL-C were capped by 
acetic anhydride as previously described [40]. 

2.2 Preparation of the polypeptide-coated gold NPs (AuNPs) 
and gold NRs (AuNRs) 

Bare AuNPs with an average hydrodynamic size of ~ 16.9 nm were 
prepared by the citrate reduction of chloroauric acid according  
to previous protocols [42]. The cetyltrimethylammonium bromide 
(CTAB) stabilized AuNRs with an average aspect ratio of ~ 4.6 
(length: 36.2 ± 3.4 nm, width: 7.8 ± 0.4 nm) were prepared following 
the well-established protocol of seed-mediated growth [43, 44]. The 
excess CTAB of AuNRs solution were removed by centrifuged at 
12,000g for 20 min and then resuspended in water. Then, L-C, L-N, 
D-C, D-N, DL-C, and DL-N stock solutions were prepared by 
dissolving the corresponding polymers into water at 3.5 mg/mL; 
(D)L-C/(D)L-N were prepared by mixing an equal volume of 
(D)L-C and (D)L-N solutions. To prepare the polypeptide-modified 
AuNPs and AuNRs, each polymer solution (1.0 mL) was added to 
50 mL bare AuNPs or CTAB stabilized AuNRs, followed by sonication 
for 30 min. The solutions were kept in dark and placed on an oscillator 
at room temperature for 12 h. The polypeptide-modified AuNPs and 
AuNRs were then purified by centrifugation/re-dispersion cycles in 
water three times (12,000g, 20 min) and re-dispersed in ultrapure water 
(1.0 mL). The concentrations of AuNPs and AuNRs were quantified 
by inductively coupled plasma mass spectrometry (ICP-MS). 

2.3 Cellular uptake of polymer-coated AuNPs and AuNRs 

HeLa cells (2.5 × 106) were seeded into culture dishes (100 mm) in 
10 mL Dulbecco modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
After incubation at 37 °C for 24 h, the dishes were replaced with new 
culture media (10 mL) containing polypeptide-coated AuNPs or 
AuNRs at a concentration of 30 μM (n = 3). After another 6 or 12 h 
incubation, the cells were washed three times with sterilized phosphate 
buffered saline (PBS) and harvested using trypsin solution (1.0 mL). 
Cell numbers were determined using a hemocytometer. The cell 
pellets were collected by centrifugation at 1,000 rpm for 10 min  
to remove free NPs and digested with freshly prepared aqua regia 
(~ 5 mL). The total amount of intracellular gold was quantified 
using ICP-MS, and the resulting cellular uptake (Au (ng)/106 cells) 
of each sample was reported from the average of three independent 
measurements. 

2.4 Cytotoxicity assays of polypeptide-coated AuNPs 

HeLa cells were seeded in a 96-well plate at a density of 5,000 cells 
per well for 24 h before the experiment. The medium was aspirated 
and the cells were treated with culture media containing polypeptide- 
coated AuNPs at gradient concentrations (n = 3). After incubation 
for another 48 h, the relative cell viabilities were determined by the 
CellTiter-Blue Cell Viability Assay.  

2.5 Transmission electron microscopy (TEM) images of the 
cellular uptake of (L-C)-AuNPs and (L-C)-AuNRs 

HeLa cells with internalized nanoparticles were collected by cen-
trifugation at 1,000 rpm for 10 min. The cell pellets were fixed with 
glutaraldehyde overnight. After serial dehydrations using 25%, 50%, 
75%, 90%, and 100% acetone for 10 min in each step, the cell pellets 
were embedded in Epon resin, and sliced to a thickness of ~ 50–70 nm. 
The imagings of (L-C)-AuNPs and (L-C)-AuNRs locations in the 
cells were observed using TEM. 

2.6 Synthesis of P(L-EG3Glu)50-b-PBLG40 (E50B40) and 
PBLG40-b-P(L-EG3Glu)50 (B40E50) block copolymers  

P(L-EG3Glu)50-b-PBLG40: A solution of hexamethyldisilazane (HMDS) 
HMDS (12.5 μL × 0.5 M, 1.0 eq.) was added to a stirring solution of 
L-EG3Glu-NCA (100 mg, 0.32 mmol, 50 eq.) in dimethylformamide 
(DMF) (2.0 mL) in a glovebox at room temperature. After the 
complete consumption of L-EG3Glu-NCA (monitored by FT-IR), a 
solution of γ-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) 
(68.4 mg, 0.26 mmol, 40 eq.) in DMF (1.0 mL) was added. After 
another 24 h reaction, acetic anhydride (20 eq.) was added to cap 
the terminal amine groups. The crude block copolymer was then 
isolated by precipitation out using diethyl ether. After sonication for 
5 min in diethyl ether, the product P(L-EG3Glu)50-b-PBLG40 was 
collected by centrifugation and dried under vacuum.  
PBLG40-b-P(L-EG3Glu)50: PBLG40-b-P(L-EG3Glu)50 was synthesized 
by following a similar procedure as described above, except for a 
inversed addition sequence of the two monomers: BLG-NCA was 
polymerized first, followed by L-EG3Glu-NCA.  

For clarity purpose P(L-EG3Glu)50-b-PBLG40 and PBLG40-b-P(L- 
EG3Glu)50 were denoted as E50B40 and B40E50, respectively. 

2.7 Fabrication of DOX-loaded polymeric micelles 

Doxorubicin hydrochloride (DOX·HCl) (2.5 mg) was dispersed in 
tetrahydrofuran (THF) (1.5 mL) and neutralized by TEA (3.0 μL). 
The designated block polymer (5.0 mg) in THF (1.0 mL) was added 
into the free DOX solution and stirred for 3 h. Next, distilled water 
(500 μL) was added dropwise to the above DOX/polymer mixture 
under vigorous stirring. The crude DOX-loaded polypeptide micelles 
were stirred overnight and purified by dialysis against distilled water 
(MWCO 3,500) at room temperature for 3 days. The deionized 
water was replaced every 10 h. To measure the DOX loading in the 
micelle, a solution of DOX-loaded polypeptide micelle was diluted 
with DMF (DMF/H2O, 9/1, v/v) and sonicated for 10 min. The 
fluorescence intensity at 587 nm (excitation at 479 nm) was recorded, 
and the concentration of DOX loading in triethylamine (TEA) micelle 
was determined based on the standard curve of free DOX in 
DMF/H2O (9/1, v/v). All the experiments were operated in dark. 

2.8 Cell uptake of DOX-loaded polymeric micelles  

HeLa cells (1.5 × 105) were initially seeded in a 24-well plate and 
grown at 37 °C for 24 h. Then, the cells were treated with free DOX 
or DOX-loaded polymeric micelles in fresh medium at a DOX 
concentration of 100 μM for 1.0 h. The cells were washed with PBS 
(twice), digested by trypsin (200 μL) for 5 min, and quenched with 
the PBS (500 μL) dilution. The HeLa cell pellets were collected by 
centrifugation at 1,000 rpm for 5 min and then dispersed in PBS 
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(0.6 mL). The cellular uptake of DOX-loaded polypeptide micelles 
was characterized using flow cytometry. 

2.9 Cytotoxicity assays of DOX-loaded polypeptide 

micelles 

HeLa cells were first seeded in a 96-well plate at a density of  
5,000 cells per well. Then, the cells were treated with free DOX or 
DOX-loaded polypeptide micelles in fresh medium at gradient 
DOX concentrations of 150, 100, and 50 μM (n = 3), respectively. 1 
h later, the medium was aspirated and the cells were washed twice 
with PBS before another 48 h incubation. The relative cell viabilities 
were detected using CellTiter-Blue Cell Viability Assay.  

2.10 Molecular simulation 

A CG model and dissipative particle dynamics (DPD) method were 
used to elucidate the endocytosis mechanism of the AuNPs and 
AuNRs with different surface modifications. To simplify the system, 
we constructed a model comprising a piece of cellular membrane, 
NP/NR with different kinds of ligands and water. The cellular 
membrane is formed by an assembly of lipids and receptors as a 
stable bilayer structure. Each lipid/receptor molecule comprised 
13 DPD beads like Groot and Rabone DPD model [45]. The NP/NR 
is formed by particle beads arranged on a face-centered cubic lattice 
to prevent other beads’ insertion and constrained to move as a rigid 
body during the simulations [46]. The ligands are connected on the 
surface of the NP/NR directly. In order to mimic the receptor–ligand 
interaction, a modified soft Lennard-Jones (LJ) potential was used 
during the NP/NR–membrane interaction simulations. The dipole 
interaction was represented by an electrostatic interactions in the 
simulation. The bonded interaction between neighboring beads of the 
lipid, receptor, and ligand was described by a harmonic spring force. 
The stiffness of the lipid membrane is constrained by a three-body 
bond angle potential. The interaction between each pair of DPD beads 
is governed by Newton’s equation of motion d /d /ij ijv t F m  and 
the total force ijF  applied on each bead i due to bead j is given as a 
sum of six terms, i.e., conservative force C

ijF , dissipative force D
ijF , 

random force R
ijF , bond force B

ijF  (including the harmonic bond force 
and bond angle force), the electrostatic force E

ijF  converted from 
the dipole of the ligand and the LJ interaction between ligands and 
receptors. The details of the setup of the system and the interaction 
potential are listed in the Electronic Supplementary Material (ESM). 

The simulation box is a cube of size 100rc × 100rc × 80rc with 
periodic boundary condition applied three directions. There are 
total 2,400,000 beads in the simulation box to keep the particle 
density close to 3.0. To avoid the distribution of the nanoplate to 
the equilibrium state of a pure membrane, a long time (~ 200 ns) 
equilibrium simulation was preformed when the NP/NR was placed 
near the membrane surface. All simulations in this work are carried 

out by using the modified soft package Lammps (31 Mar 2017).  

3 Results and discussion 

3.1 Preparation of polypeptide-coated AuNPs and AuNRs 

L-, D-, or DL-P(EG3Glu)s bearing a thiol group at either the C- or 
N-terminus for AuNP anchoring were synthesized by following our 
previous report (Fig. 1) [40]. All the synthetic polypeptides shared a 
similar degree of polymerization (DP) ~ 50 with narrow dispersities 
(Ð) below 1.10 (Fig. S1 and Table S1 in the ESM). As expected, 
the three L-configurated (L-C, L-N, and L-C/L-N) and the three 
D-configurated (D-C, D-N, and D-C/D-N) polypeptides all depicted 
a typical α-helical conformation with the helicity higher than 90% 
(Fig. 2(a)). The L- and D-P(EG3Glu)s gave an completely opposite 
shape of circular dichroism (CD) peaks, indicating the two types 
of polypeptides had right- and left-handed helix, respectively. By 
contrast, none of the racemic DL-C, DL-N, and DL-C/DL-N gave an 
ordered conformation according to the CD spectra (Fig. 2(a)).  

Next, the polypeptides were grafted to bare AuNPs at room 
temperature via the Au–S bond. The strong amide I stretching at 
1,650 cm–1 and amide II stretching bands at 1,548 cm–1 in the FT-IR 
spectra of polypeptide-coated AuNPs reconfirmed the α-helical 
secondary structure of L-C and L-N on the AuNP surface (Fig. 2(b)) 
[47]. No shift was observed in the surface plasmon resonance peak 
(λspr, ~ 521 nm, Fig. 2(c)) of AuNPs, an indication of no aggregation 
after the polymer modification. The high colloidal stability of 
(L-C)-AuNPs and (DL-C)-AuNPs was further evidenced by the 
representative TEM images showing monodispersed and spherical 
particles (Fig. S2 in the ESM). The nonfouling behaviors of the 
polypeptide-coated AuNPs were evaluated by studying the protein 
adsorption-induced NP aggregation. Lysozyme and fibrinogen, two 
commonly used model proteins for surface antifouling tests, were 
added to various AuNPs [48, 49]. The protein adsorption of the 
AuNPs was reflected by the shift in the surface plasmon absorption 
(Δλspr) [50]. As shown in Figs. 2(d) and 2(e), after the addition of 
the protein solution, the λspr of bare AuNPs showed a drastic red shift, 
in sharp contrast to the minor shifts for polypeptide-coated AuNPs, 
underscoring again the high in vitro stability of the polypeptide- 
coated AuNPs against protein adsorption. 

The hydrodynamic sizes of all the bare and polymer-modified 
AuNPs were measured by dynamic light scattering (DLS) and shown 
in Table 1. After the polypeptide modification, the parallel aligned 
(L-C)-AuNPs and (L-N)-AuNPs displayed a similar hydrodynamic 
size ~ 32 nm and a surface grafting density of 120 chains per AuNP 
(calculated by thermogravimetric analysis (TGA), Fig. S3 in the ESM). 
In contrast, the anti-parallel orientated (L-C/L-N)-AuNPs gave a relative 
higher hydrodynamic size ~ 37 nm and a greater grafting density of 
136 chains per AuNP. This higher grafting density of (L-C/L-N)-AuNPs 

 
Figure 1 (a) Chemical structures of L- or DL-P(EG3Glu)s with the thiol functionalized at the C- or N-terminus (n = 50). (b) Cartoon illustration of AuNPs modified 
with P(EG3Glu)s adapting different secondary structures and/or anchoring orientations. Arrows indicate the moment of the helix macrodipole. δ+ and δ− indicate the 
partially positive and negative dipole ends of the helices, respectively. 
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was likely due to the cancelling of the repulsive force derived from 
the dipole moment, a phenomenon we previously observed on flat 
gold substrate [40]. Moreover, the unstructured P(EG3Glu)s modified 
AuNPs, namely, (DL-C)-AuNPs, (DL-N)-AuNPs, and (DL-C/DL-N)- 
AuNPs showed smaller hydrodynamic sizes (~ 26–27 nm) and lower 
grafting densities (~ 99–104 chains per AuNP) relative to the former 
three helical polypeptide-modified AuNPs (Table 1). Overall, the 
rigid helical polypeptides were more favored for surface grafting 
than the unstructured polypeptide analogues, in good consistency 
with our conclusions previously reported. Figure 2(f) showed the zeta 
potential of the bare and polypeptide-coated AuNPs in H2O. The bare 
AuNPs showed the most negative zeta potential ~ −45 mV due to 
citrate-stabilization, which became less negative after the replacement 
of citrate with polypeptide. Interestingly, (L-C)-AuNPs gave the least 
negative zeta potential ~ −16 mV whereas all other AuNPs were 
comparable (~ −30–−37 mV). Given the comparable grafting density 
of (L-C)-AuNPs and (L-N)-AuNPs, we attributed the relative more 
positive zeta potential of the former to the multivalent accumulation 
of the partial positive macrodipole at the outer layer surface. 

3.2 Cellular uptake of polypeptide-coated AuNPs  

Next, the cellular internalization behaviors of different polypeptide- 
coated AuNPs were investigated by using HeLa cells and measured 
by ICP-MS. We first examined the orientation effect in the right- 
handed helical polypeptides (L-configuration). When the helical 
L-P(EG3Glu)50 was anchored on the surface of AuNPs in different 

orientations, the most remarkable feature we noticed was the 
significantly higher amount of cellular internalization of (L-C)- 
AuNPs (~ 5.5 and 2.1 fold higher, respectively) compared to both 
(L-N)-AuNPs and (L-C/L-N)-AuNPs (Fig. 3(a)). Moreover, a clear 
time-dependent increase in the internalization level was seen for all 
samples (Fig. 3(a)). Interestingly, this orientation effect was not 
detected for AuNPs coated with the unstructured DL-P(EG3Glu)50. 
More specifically, (DL-C)-AuNPs, (DL-N)-AuNPs, and (DL-C/DL- 
N)-AuNPs gave no statistical difference in terms of the cellular 
internalization at both 6 and 12 h incubation (Fig. 3(b)). When 
directly comparing the cellular uptake level of (L-C)-AuNPs with 
(DL-C)-AuNPs, the former was ~ 2.4 folder higher than the latter 
(Fig. 3(b)). The results indicated that the orientation effect existed 
only in those helical polypeptide-modified AuNPs, implying a role 
of the macrodipole. Notably, the cellular internalization level of 
different polypeptide-modified AuNPs showed a good correlation 
with the zeta-potential described in Fig. 2(f). Namely, (L-C)-AuNPs, 
the least negative in zeta potential among all tested groups, gave the 
highest level of cellular internalization. This phenomenon was to 
some degree similar to the promoted cellular adhesion of polyvalent 
choline phosphate (CP) in relative to the charge-inversed polyvalent 
phosphatidyl choline (PC) [51]. To further understand the orientation 
effect, we also generated AuNPs coated with the left-handed helical 
D-P(EG3Glu)50 (Table S2 in the ESM). Again, the C-terminal anchored 
(D-C)-AuNPs gave a higher level of cellular internalization than the 
N-terminal anchored (D-N)-AuNPs and the anti-parallel aligned  

 
Figure 2 (a) CD spectra of L-, D-, or DL-P(EG3Glu)s bearing a thiol group at either the C- or N-terminus. (b) FT-IR spectra of the bare and polypeptide-coated AuNPs. 
(c) UV–Vis spectra of AuNPs coated with different polypeptides (inset: the zoom-in view of the spectra from 450 to 600 nm). (d) and (e) Shift of the peak of the 
surface plasmon resonance wavelength (λspr) of different polypeptide-coated AuNPs as a function of time in (d) lysozyme and (e) fibrinogen, respectively. (f) Zeta 
potential of the bare and polypeptide-coated AuNPs in H2O. All of the data are represented as the means ± S.D. The p value (*p < 0.01, **p < 0.001 and ***p < 0.0001) 
is calculated by t-test. 

Table 1 Hydrodynamic sizea and grafting densityb of various polypeptide-coated AuNPs 

 Bare AuNPs (L-C)-AuNPs (L-N)-AuNPs (L-C/L-N)-AuNPs (DL-C)-AuNPs (DL-N)-AuNPs (DL-C/DL-N)-AuNPs 
Size (nm) 16.9 ± 1.3 32.2 ± 1.1 32.8 ± 0.7 36.9 ± 0.9 25.9 ± 1.1 27.4 ± 1.1 26.8 ± 0.8 

Grafting density 
(chains/nm2) 

— 0.148 ± 0.005 0.15 ± 0.003 0.17 ± 0.004 0.123 ± 0.005 0.13 ± 0.005 0.126 ± 0.004 

Ligand density 
(chains/AuNPs) 

— 119 ± 4 121 ± 2 136 ± 3 99 ± 4 104 ± 4 101 ± 3 

ameasured by DLS; bcalculated from the weight loss in TGA. 
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Figure 3 Cellular uptake of the polypeptide-coated AuNPs. (a) The internalization 
level of AuNPs coated with the right-handed helical L-P(EG3Glu)50 anchoring 
from different orientations after 6 and 12 h incubation. (b) The internalization 
level of AuNPs modified with the unstructured DL-P(EG3Glu)50 anchoring 
from different orientations after 6 and 12 h incubation, compared with that of 
(L-C)-AuNPs under the same condition. (c) The internalization level of AuNPs 
modified with the left-handed helical D-P(EG3Glu)50 anchoring from different 
orientations after 12 h incubation. (d) Representative TEM image of the cell sections 
after the internalization of (L-C)-AuNPs after 12 h incubation. The AuNPs in  
30 μM were incubated with cells for 6 or 12 h at 37 °C in normal medium with 10% 
FBS, unless otherwise specified. All of the data are represented as the means ± S.D. 
The p value (*p < 0.01, **p < 0.001 and ***p < 0.0001) is calculated by t-test. 

(D-C/D-N)-AuNPs (Fig. 3(c)). The level of internalization was 
comparable for (D-C)-AuNPs and (L-C)-AuNPs at 12 h incubation 
(Figs. 3(a) and 3(c)), implying that the handedness of the helix was 
not crucial to the internalization in this particular case. One possible 
reason for this handedness-independence might be the long nonfouling 
EG3 side chain, which masked the handed character of the backbone. 
It is also worth mentioning that the N-termini of the L-C, D-C, and 
DL-C polypeptides were all capped with acetic anhydride, which 
ruled out the possibility of the N-terminal amine pronation. TEM 
studies of the (L-C)-AuNPs treated Hela cells found the NPs were 
majorly trapped in endolysosomal vesicles, suggesting an endocytosis 
pathway (Fig. 3(d)) [12, 52]. No obvious cellular toxicity was observed 
for all the polypeptide-coated AuNPs (Fig. S4 in the ESM) in a wide 
range of concentrations up to 560 μM, including the highly inter-
nalizable (L-C)-AuNPs. The neutral charge, excellent biocompatibility, 
and high level of internalization made (L-C)-AuNPs particularly 
suitable for situations where the use of cytotoxic polycation for cell 
uptake promotion are not allowed. 

3.3 Cellular uptake of AuNRs  

To test whether the orientation effect was also applicable to other 
NPs, particularly those with different shapes, AuNRs (Fig. S5 and 
Table S3 in the ESM) were prepared and modified with the same 
polypeptides described above. The cell internalization behaviors of 
those polypeptide-coated AuNRs were studied in a similar way and 
presented in Fig. 4. To summarize, the polypeptide-coated AuNPs 
and AuNRs followed a very similar cell internalization pattern. 
Briefly, (L-C)-AuNRs and (D-C)-AuNRs, the two AuNRs coated 
with the parallel aligned helical P(EG3Glu)50 from the C-terminus, 
showed the highest internalization level compared to all other 
groups including (L-N)-AuNRs, (L-C/L-N)-AuNRs (Fig. 4(a)), 
(DL-C)-AuNRs, (DL-N)-AuNRs, (DL-C/DL-N)-AuNRs (Fig. 4(b)), 
(D-N)-AuNRs, and (D-C/D-N)-AuNRs (Fig. 4(c)). TEM studies  

 
Figure 4 Cellular uptake of the polypeptide-coated AuNRs. (a) The internalization 
level of AuNRs coated with the right-handed helical L-P(EG3Glu)50 anchoring from 
different orientations. (b) The internalization level of AuNRs modified with the 
unstructured DL-P(EG3Glu)50 anchoring from different orientations, compared 
with that of (L-C)-AuNRs under the same condition. (c) The internalization level 
of AuNRs modified with the left-handed helical D-P(EG3Glu)50 anchoring from 
different orientations. (d) Representative TEM image of the cell sections after the 
internalization of (L-C)-AuNRs. The AuNRs in 30 μM were incubated with cells 
for 12 h at 37 °C in normal medium with 10% FBS, unless otherwise specified. 
All of the data are represented as the means ± S.D. The p value (*p < 0.01, **p < 
0.001 and ***p < 0.0001) is calculated by t-test. 

of the (L-C)-AuNRs-treated Hela cells (Fig. 4(d)) showed a similar 
endocytosis mechanism as previously observed in Fig. 3(d).  

3.4 Cellular uptake of polymer micelles 

To further examine the generality of the orientation effect, we moved 
on to test the cellular internalization of micelles from self-assembled 
amphiphilic block copolypeptides. As shown in Fig. 5(a), B40E50 was 
prepared by sequential polymerization of BLG-NCA and EG3Glu-NCA, 
respectively; by contrast, the analogue block copolymer E50B40 was 
prepared by inversing the sequence in monomer feeding (Fig. S6 in 
the ESM). The two polymers showed comparable molecular weights 
and dispersities as determined by both size exclusion chromatography 
(SEC) and 1H NMR spectroscopy (Figs. S7–S9 and Table S4 in the 
ESM) analysis. Both block copolymers were used to self-assemble 
in water to form micelles, which were subsequently loaded with a 
chemotherapy drug DOX. TEM studies of the DOX-loaded B40E50 
and E50B40 micelles exhibited similar sizes of ~ 115 nm (Fig. 5(b)). 
Fluorescence spectroscopy determined that both micelles had a similar 
amount of DOX encapsulated. Thus, the polypeptide orientation 
became the only major variation, with all other structural parameters 
keeping similar or the same. If the AuNPs, AuNRs and the polymeric 
micelles share a similar orientation effect, one would expect that 
both the internalization and cellular toxicity of the DOX-loaded 
B40E50 (partial positive macrodipole at the outer layer) should be 
higher than those of E50B40 (partial negative macrodipole at the outer 
layer). As shown in Fig. 5(c), DOX-loaded B40E50 showed a significantly 
increase in zeta potential than DOX-loaded B40E50. Furthermore, 
HeLa cells incubated with the DOX-loaded B40E50 micelle showed 
enhanced cellular uptake in relative to the DOX-loaded E50B40 micelle, 
determined by flow cytometry (Fig. 5(d)). Consistently, viability assay 
indicated that the DOX-loaded B40E50 was more cytotoxic than  
the DOX-loaded E50B40 (Fig. 5(e)). No toxicity was observed for 
both E50B40 and B40E50 micelles without DOX (Fig. S10 in the ESM). 
Together, the results shown in the polymeric micelles echoed the 
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previous phenomenon observed in AuNPs and AuNRs, which once 
again highlighted the important role of the helical macrodipole 
orientation in cellular uptake.  

3.5 Computer simulation 

To elucidate the mechanism of the helical orientation effect on 
AuNPs cellular uptake, we conducted DPD simulations by using a 
dipalmitoylphosphatidylcholine (DPPC) lipid bilayer model. For 
simplicity purpose, the helical and unstructured polypeptides were 
modeled as rigid and soft chains, respectively (Table S5 and Fig. S11 
in the ESM). The macrodipole of the helix was represented with   
a positive and negative charge bead at the N and C chain end, 
respectively. Next, we constructed prototype models of NPs with the 
helical polypeptide anchored from C-terminus ((Helix-C)-AuNPs), 
N-terminus ((Helix-N)-AuNPs), and both C-/N-termini ((Helix-C/ 
Helix-N)-AuNPs), respectively (Fig. S11 in the ESM; of note, the 
handedness of the helix was not considered here). Accordingly, 
coil-AuNPs, constructed as NPs modified with soft chains and without 
charged beads, were used here as a model to represent all unstructured 
DL-type polypeptide-modified AuNPs (Fig. S11 in the ESM). 
The simulation setup was similar to that used in earlier study (see 
Experimental Section and Fig. S11 in the ESM) [17, 53, 54]. Briefly, 
a receptor–NP binding universal to all NPs was introduced as the 
initial driving force for receptor-mediated endocytosis. Initially, the 
NPs were positioned in close proximity above the surface of a bilayer; 
the NPs were then bonded onto the membrane receptors through 
a soft LJ potential and electronic interaction (see Experimental 
Section). As the NPs adhered to the membrane, receptor clustering 
and membrane wrapping took place to pull the NPs inside (Fig. 6(a) 
in the ESM). 

For (Helix-C)-AuNPs, the NPs were wrapped and internalized 
rapidly (Figs. 6(b) and 6(c)). The reason was probably that the long 
range electronic attractive force between the ligand and receptor  

 
Figure 6 Simulation of the interactions between lipid membrane and spherical 
NPs with different surface modifications. (a) Snapshots of time-dependent 
interactions between different spherical NPs and membranes. For clarity, the 
solvent (water) molecules are made invisible. (b) and (c) Time evolution of (b) 
the position of the NP relative to the middle line of the membrane and (c) the 
NP–receptor binding ratio (percentage of wrapping). The distance values for 
determining the NP–receptor binding is selected within a distance of 0.7rc. 

attracted more receptors around the NPs, which helped the bending 
of the membrane and finally the successful internalization of the 
NPs. For (Helix-N)-AuNPs, the NPs were seen to adhere onto the 

 
Figure 5 Cellular uptake of DOX-loaded E50B40 and B40E50 polypeptide micelles. (a) Chemical structure of two amphiphilic block copolypeptides B40E50 and E50B40,
and the schematic illustration of the micelle compositions. (b) TEM images of the DOX-loaded E50B40 and B40E50 micelles. Scale bar = 100 nm. (c) Zeta potential of
DOX-loaded E50B40 and B40E50 micelles in H2O. (d) Flow cytometric histogram profiles of the HeLa cells incubated with the DOX-loaded E50B40 or B40E50 micelles at
100 μM. (e) Relative cell viability of HeLa cells incubated with DOX-loaded E50B40 or B40E50 micelles; the cells were treated with the samples for 1 h, and incubated with
fresh medium for another 48 h. All of the data are represented as the means ± S.D. The p value (*p < 0.01, **p < 0.001 and ***p < 0.0001) is calculated by t-test. 
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membrane but with impeded wrapping owing to strong electrostatic 
repulsion between the NPs and the membrane (Fig. 6). For (Helix- 
C/Helix-N)-AuNPs, the wrapping was slower than (Helix-C)-AuNPs 
but faster than (Helix-N)-AuNPs at the late stage (Fig. 6(c)). Intere-
stingly, for the soft coil-AuNPs without the helical macrodipole, 
we observed a fast ligand–receptor binding in the early stage but 
a slower membrane curving compared to (Helix-C)-AuNPs. We 
reasoned that although coil-AuNPs had the largest ligand–receptor 
binding in the early stage, the deformability and the lack of dipole 
interaction made the soft unstructured polypeptide less potent in 
attracting lipid for NP wrapping. Similar patterns were observed in 
the simulation of different polypeptide-modified AuNRs (Fig. S12 
in the ESM).   

4 Conclusions 
The helix of polypeptides have shown profound impact to   
their biological outcomes, including the nonfouling property and 
immunogenicity as demonstrated recently [33, 40, 55]. In this work, 
the effect of polypeptide conformation and anchoring orientation 
were systematically investigated using inorganic AuNPs, AuNRs, 
and polymeric micelles. Our results revealed greater cellular uptake 
(2.0–5.5 fold higher) of (L-C)-AuNPs than (L-N)-AuNPs and (L-C/ 
L-N)-AuNPs. A similar orientation-regulated cell internalization 
pattern was observed in D-P(EG3Glu)50 but not the unstructured 
DL-P(EG3Glu)50-modified AuNPs, suggesting an important and universal 
role of the macrodipole of peptidice helices in cellular uptaking. 
Moreover, this orientation-governed cellular internalization was 
successfully reproduced in P(EG3Glu)50-coated AuNRs and DOX- 
loaded polypeptide micelles. Simulation study offered time-resolved 
insights regarding the NP–membrane interactions and subsequent 
membrane remodeling. Thus, our study provided a delicate way of 
regulating the surface chemistry of NPs and the subsequent NP−cell 
interactions. Moreover, this work highlighted the uniqueness of 
polypeptides in surface engineering, and urged a more careful 
consideration on the polymer orientation for NP modification. 
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