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ABSTRACT: Glycopolypeptide-based polymersomes have
promising applications as vehicles for targeted drug delivery
because they are capable of encapsulating different pharmaceut-
icals of diverse polarity as well as interacting with specific cell
surfaces due to their hollow structural morphology and bioactive
surfaces. We have synthesized glycopolypeptide-b-poly(propylene
oxide) by ROP of glyco-N-carboxyanhydride (NCA) using the
hydrophobic amine-terminated poly(propylene oxide) (PPO) as
the initiator. This block copolymer is composed of an FDA-
approved PPO hydrophobic block in conjugation with hydro-
philic glycopolypeptides which are expected to be biocompatible.
We demonstrate the formation of glycopolypeptide-based polymersomes from the self-assembly of glycopolypeptide-b-
poly(propylene oxide) in which the presence of an ordered helical glycopolypeptide segment is required for their self-assembly
into spherical nanoscale (∼50 nm) polymersomes. The polymersomes were characterized in detail using a variety of techniques
such as TEM, AFM, cryo-SEM, and light-scattering measurements. As a model for drugs, both hydrophobic (RBOE) and
hydrophilic (calcein) dyes have been incorporated within the polymersomes from solution. To substantiate the simultaneous
entrapment of the two dyes, spectrally resolved fluorescence microscopy was performed on the glycopeptide polymersomes cast
on a glass substrate. We show that it is possible to visualize individual nanoscale polymersomes and effectively probe the dyes’
colocalization and energy-transfer behaviors therein as well as investigate the variation in dual-dye encapsulation over a large
number of single polymersomes. Finally, we show that the galactose moieties present on the surface can specifically recognize
lectin RCA120, which reveals that the polymersomes’ surface is indeed biologically active.

■ INTRODUCTION

The specific delivery of the therapeutic constituents of a drug to
an organ, a tissue, or unhealthy cells using carriers is one of the
major challenges in therapeutic research.1 This requires the
successful development of carrier systems that allow site-
specific delivery of drugs such that they can act for long periods
of time without affecting the normal cells.2−4 Several
nanocarrier-based delivery systems are being currently explored
for such application.5 Out of many potent nanocarriers,
polymeric micelles or vesicles assembled from amphiphilic
block copolymers have been a major research theme for drug
delivery.6 The micelles feature a hydrophobic core that can
encapsulate hydrophobic drugs while the hydrophilic shell on
its surface makes the entire assembly water-soluble. On the
other hand, vesicles or polymersomes are hollow spheres that
contain an aqueous solution in the core surrounded by a
bilayered membrane. Because of this structural features,
polymersomes can simultaneously encapsulate both hydrophilic
and hydrophobic therapeutic molecule in their aqueous core

and bilayer membrane, respectively.7−9 Polymersomes have
also been used as carriers for active drug delivery by using them
to target to certain specific receptors on cell surfaces.3,4,10−15

For example, targeting moieties such as RGD-containing
peptides, folic acid, and carbohydrates have been displayed
on the surface of polymersomes, and these have been used to
target specific cancer cells.16−23

Polymersomes with carbohydrates on the surface represent a
very interesting class of nanocarries because carbohydrates
(found in glycoproteins) are involved in biomolecular
recognition events24−29 in vivo such as extracellular recognition,
cell adhesion, cell growth regulation, cancer cell metastasis, and
inflammation. Glycoprotein biomimetic polymersomes as-
sembled from block copolymers containing polypeptide and
oligosaccharide blocks have been synthesized,26,30−32 and their
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interaction with cells has been studied to understand their
interactions with specific cell-surface receptors and their
endocytosis mechanism. Recently, glycopolypeptide (GP;
polypeptide backbone with pendant carbohydrate moieties)-
based polymersomes have been synthesized by two different
approaches. In 2012, Heise et al. reported the first
glycopolypeptide-based polymersomes from poly(γ-benzyl-L-
glutamate)-block-poly(propargylglycine) that was postsyntheti-
cally glycosylated using click chemistry.33 In another approach,
Deming et al. reported the formation of vesicles from
amphiphilic diblock copolypeptides containing hydrophobic
poly(L-leucine) and hydrophilic poly(α-D-galactopyranosyl-L-
cysteine).34 They show that only conformationally disordered
glycopolypeptides segments favor the formation of quasi-
spherical polymersomes with sizes of between ∼100 nm to
several micrometers rather than rigid ordered α-helical
glycopolypeptides.34

Simultaneous encapsulations of both hydrophilic and hydro-
phobic drugs into the core/shell regions of glycopeptide
polymersomes are essential for their use as carriers for drug
delivery. To understand the encapsulation properties of these
polymersomes, hydrophobic and hydrophilic dyes are typically
used as model drugs, and their encapsulation behavior is
studied using fluorescence microscopy.35Although fluorescence
imaging methods have been shown to be potentially useful,
they have not been utilized effectively to study encapsulation
behaviors within small (∼100 nm) polymersomes.34,36 For
instance, to illustrate that glycopeptide polymersomes can
encapsulate two drug molecules, Deming et al. performed
confocal microscopy using dyes of different polarity as well as
emission colors.34 Interestingly, these measurements could
image only a subensemble of polymersomes which were
relatively large (on the order of a few micrometers), where the
presence of different dyes in the core (aqueous) and shell
(hydrophobic) regions could be visualized. However, such
experiments were unable to detect the much smaller (∼100
nm) polymersomes that have potential as realistic drug-delivery
vehicles.37 Thus, the ability of these small (∼100 nm)
polymersomes to encapsulate two drugs of different polarity
remains questionable. It is therefore imperative to be able to
detect (image) individual nanoscale polymersome in a high-
throughput manner and perform careful colocalization
measurements to substantiate the presence of both hydro-
phobic and hydrophilic dyes within each polymersome. Being
able to image single polymersomes would also allow one to
understand the variability in encapsulation behaviors as well as
open an avenue to test the ability of nanoscale polymersomes
to infiltrate cellular environments.

We have recently reported the controlled generation of
nanostructures (micelles and nanorods) in solution from
amphiphilic linear−dendritic glycopolypeptide copolymers
although the dendron part was not biocompatible.38 We
hypothesized that incorporating a nonpeptidic biocompatible
hydrophobic backbone instead would widen the scope of the
resultant polymeric assemblies and could help generate
polymersomes which were not formed with glycopolypep-
tide−dendron conjugates. Poly(propylene oxide) (PPO), a
well-known biocompatible FDA-approved polymer, was chosen
as the hydrophobic block for conjugation with glycopolypep-
tides to obtain amphiphilic block copolymers. Examples of
polypeptide assemblies incorporating PPO as the hydrophobic
block have been reported in the literature.39,40

In this work, we report the synthesis and self-assembly of
glycopolypeptide-b-poly(propylene oxide) in aqueous solution
into polymersomes. This polypeptide was synthesized by the
ring-opening polymerization (ROP) of glycol-N-carboxyanhy-
dride (NCA) using hydrophobic amine-terminated PPO as the
initiator. In contrast to prior reports on the formation of
glycopolypeptide-based polymersomes,33,34 we show that the
presence of an ordered helical glycopolypeptide segment is
required for their self-assembly into spherical nanoscale (∼50
nm) polymersomes, the morphology of which has been
characterized both in solution as well as when cast on a
substrate. In particular, Forster resonance energy transfer
(FRET) measurements in solution using a hydrophilic donor
(calcein) and a hydrophobic acceptor (RBOE) hint at both
dyes being incorporated within the polymersomes. To
corroborate the simultaneous encapsulation of the two dyes,
energy-mapped fluorescence imaging and spectrally resolved
microscopy were performed on polymersomes (cast on a glass
substrate). We show that it is possible to visualize individual
(spatially segregated) nanoscale polymersome with high
contrast, which allowed us to effectively probe colocalization
and energy-transfer behaviors of the hydrophobic and hydro-
philic dyes within the same (individual) glycopeptide polymer-
some. Finally, our results show that the polymersomes’ surface
is indeed biologically active and the galactose moieties present
on the surface of polymersomes can specifically recognize lectin
RCA120.

■ EXPERIMENTAL SECTION
Materials and Methods. Poly(propylene glycol) monobutyl

ether(PPO−OH, Mn = 2500 g/mol) and rhodamine B octadecyl
ester perchlorate (RBOE) were purchased from Sigma-Aldrich. calcein
was purchase from Invitrogen, Life Technologies. Glyco-N-carbox-
yanhydride (glyco-NCA) was prepared by using our previously
published methodology (Figure S1).27 All other chemicals used were

Figure 1. Schematic showing structures of amphiphilic block coglycopolypeptides and their assembly into polymersomes.
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obtained from Merck, India. UV−vis spectra were recorded on a Cary-
300 UV−vis spectrometer using a 1 cm quartz cuvette at 25 °C, and
FT-IR spectra were recorded by using KBr pellets in a PerkinElmer
FT-IR spectrum GX instrument. KBr pellets were prepared by mixing
97 mg of KBr with 3 mg of sample. 1H NMR and 13C NMR spectra
were obtained with a Bruker spectrometer (200.13 and 400.13 MHz).
Size exclusion chromatography of the polymer was performed with a
Viskotek TDA 305-040 triple detector array GPC/SEC module.
Separations were achieved with three columns (T6000M, general
mixed ORG 300 × 7.8 mm2) and one guard column (TGAURD, ORG
guard col 10 × 4.6 mm2) and 0.025 M LiBr in DMF as the eluent at 60
°C. GPC/LS samples were prepared at a concentration of 5 mg/mL. A
constant flow rate of 1 mL/min was maintained, and the instrument
was calibrated using PMMA standards. Polydispersity index (PDI)
values were calculated using OmniSEC software. Transmission
electron microscopy (TEM) measurements were performed at 100
kV on an FEI Technai T20 instrument. Atomic force microscopy
(AFM) measurements and analysis were performed on a Nanoscope
IV (Veeco). Cryo-field emission gun (FEG) scanning electron
microscopy (SEM) was performed on a Jeol JSM-7600F instrument
equipped with a cryo-prepartion system (pp3000T, Quorum Tech).
The details of sample-preparation procedures for TEM, AFM, and
cryo-SEM are provided in the Supporting Information. Steady-state
fluorescence measurements were performed using a Horiba JobinYvon
Fluorolog 3 spectrophotometer.
Synthesis of Amine-Terminated Poly(propylene glycol)

Monobutyl Ether (PPO−NH2). Poly(propylene glycol) monobutyl
ether (PPO−OH) (10 g, 4 mmol) was dissolved in 50 mL of pyridine,
and p-toluenesulfonyl chloride (7.6 g, 40 mmol) was added to the
solution (Scheme 1). The reaction mixture was stirred for 24 h at
room temperature and then poured into 50 mL of ice-cold 6 M HCl
solutions. The product was extracted with methylene chloride, and the
solvent was removed under vacuum. The oily PPO-OTs was purified
by quickly passing through a silica gel column. The purified product
was then dissolved in 20 mL of DMF, and sodium azide (10 equiv)
was added to the solution. The reaction mixture was stirred at 70 °C
for 24 h. The reaction mixture was filtered through Whatman filter
paper to remove residual sodium azide and then poured into ice-cold 6
M HCl solutions. The precipitated product was extracted using
methylene chloride, and the organic layer was washed with 3 × 200
mL of cold water and dried over sodium sulfate. The solvent was

removed under vacuum, and the obtained product was dried overnight
under evacuated conditions. The terminal azide group of PPO−N3 was
then reduced to an amine via hydrogenation in the presence of 10%
Pd/C catalyst. Colorless PPO−NH2 was dried under vacuum and
transferred into the glovebox. The final yield was 97%.

Synthesis of Block Copolymers Using Ring-Opening
Polymerization. To a solution of glyco-NCA (100 mg/mL) in dry
DMF was added “proton sponge” 1,8-bis(dimethylamino)naphthalene
(1.0 equiv to monomer, 1 M) as an additive and PPO−NH2 (0.5 M
solution in dry DMF) as the initiator inside the glovebox (Scheme 2).
The progress of the polymerization was monitored by FT-IR
spectroscopy by comparing with the intensity of the initial NCA’s
anhydride stretching at 1785 and 1858 cm−1 (Figure S2). The reaction
was generally completed within 16 h. Then the solvent from the
reaction mixture was removed under reduced pressure. The resulting
residue was redissolved in dichloromethane, and then the polymer
precipitated out by the addition of diethyl ether. The precipitated
polymer was collected by centrifugation and dried to afford gummy
solid glycopolypeptide AcGP-PPO in almost 90% yield.

Deprotection of the Acetyl Protecting Group of AcGP-PPO
Copolymers. Hydrazine monohydrate (25 equiv) was added to
solutions of acetyl-protected AcGP-PPO block copolypeptides in
THF−MeOH (1:1), and the reactions were stirred for 7 to 8 h at
room temperature (Scheme 2). Reactions were quenched by the
addition of acetone, and then solvent was removed almost completely
under reduced pressure. The solid residues were dissolved in deionized
water and transferred to dialysis tubing (3.5 kDa molecular weight
cutoff). The samples were dialyzed against deionized water for 3 days,
with water changes once every 2 h for the first day and then three
times per day. Dialyzed polymers were lyophilized to yield
glycopolypeptides as white fluffy solids (90% yields).

Assembly of Deprotected GP-PPO Copolymers in Aqueous
Solution. Block-co-polymer (5.0 mg) was dissolved in 500 μL of
DMSO by sonication and then filtered through a 0.22 μm GVWP
membrane. Then the solution was placed into a 10 mL RB under
magnetic stirring. After 2 min, 4.5 mL of ultrapure water was added
instantaneously (<2 s) and stirred for another 2 h. The mixture was
dialyzed for 24 h against deionized water (12 kDa molecular weight
cut off) to remove DMSO.

Dynamic and Static Light Scattering. The variable-angle
dynamic (DLS) and static (SLS) light-scattering experiments were
carried out using a 3D-DLS spectrometer from LS Instruments,

Scheme 1. Synthesis of Hydrophobic Initiator PPO−NH2

Scheme 2. Synthesis of amphiphilic blocks copolymers GP-PPO
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Switzerland. The instrument consists of a He Ne laser having a
wavelength of 632.8 nm, a variable-angle detection system, a
temperature-controlled index-matching vat (LS Instruments), and
toluene used as reference. The copolymer solutions were maintained
at a constant temperature of 25 °C during the experiments. Dynamic
light scattering measurements were carried out from 30 to 120° in
steps of 10° and then evaluated by fitting the measured normalized
time autocorrelation function of the scattered light intensity. The
fluctuations in scattering intensity were analyzed via the intensity
autocorrelation function (g(2)(τ)), where τ is the relaxation time.
Apparent diffusion coefficients Dapp were obtained by plotting the
relaxation frequency Γ (Γ = 1/τ) versus q2, where q is the wave vector
defined as

π
λ

θ=q
n4

sin( /2)

where λ is the wavelength of the incident laser beam (632.8 nm), θ is
the scattering angle, and n is the refractive index of the solvent. The
hydrodynamic radius (Rh) was then calculated from the Stokes−
Einstein equation

πη
=D

k T
R6app

B

h

where η is the viscosity of the solvent and kB is Boltzmann’s constant.
In SLS experiments, the scattering intensity Is(q) is measured as a

function of scattering angle θ which has been varied from 30° to 120°
in steps of 2°, providing a q range from 7 × 10−4 to 2.0 × 10−3 Å−1.
The radius of gyration Rg can be calculated from the logarithm plot of
the Guinier equation

= −I q I
q R

ln ( ) ln
3s i

2
g
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Circular Dichroism Measurements. Solutions of polymers were
filtered through 0.22 μm syringe filters. Circular dichroism (CD)
spectra (190−250 nm) of the GP-PPO block copolymer (0.25 to 1.0
mg/mL in acetonitrile or in deionized water) were recorded (Jasco
CD spectropolarimeter, J-815) in a cuvette with a 1 mm path length.
All of the spectra were recorded for an average of three scans, and the
spectra were reported as a function of molar ellipticity [θ] versus
wavelength. The molar ellipticity was calculated using the standard
formula [θ]= (θ × 100 × Mw)/(C × l), where θ is the experimental
ellipticity in mdeg, Mw is the average molecular weight, C is the
concentration in mg/mL, and l is the path length in cm. The percent α
helicity was calculated by using the expression % α-helicity = (−[θ]222
nm + 3000)/39 000.
Dye Encapsulation into Polymersomes. GP-PPO copolymers

are assembled into polymersomes in an aqueous medium so that they
can encapsulate hydrophilic as well as hydrophobic dyes. The
encapsulation of hydrophilic dye calcein into the polymersomes was
done by the coassembly method. First, polymer (5.0 mg) was
dissolved in 475 μL of DMSO by sonication, and to that 25 μL of
calcein solution (2 mg/mL in DMSO) was added. Then the solution
was placed into a 10 mL RB under magnetic stirring. After 2 min, 4.5
mL of ultrapure water was added instantaneously (<2 s) and stirred for
another 2 h. The mixture was placed into a dialysis membrane (12KDa
molecular weight cutoff) and then dialyzed against phosphate buffer
(pH 8.0) containing 50 mM phosphate, 50 mM NaCl, 0.2 mM
disodium salt of EDTA. Within 16 h, all the unencapsulated calcein
came out of from inside the dialysis membrane. After the removal of
free calcein, the mixture was dialyzed against deionized water for 24 h
with the water being changed three times. Hydrophobic dye RBOE
was encapsulated after the formation of the polymersomes. For
example, 100 μL of RBOE solution (0.5 mg/mL in acetone) was
added to 5 mL of polymersomes solution (1.0 mg/mL) under stirring.
After 6 h, with the evaporation of the added acetone, all of the RBOE
that was not incorporated into the polymersomes precipitated out.
The mixture was then filtered through 0.22 μm filter paper to remove
precipitated RBOE. To encapsulate both calcein and RBOE dye into
the same polymersomes, first calcein was encapsulated into the

polymersomes by the coassembly method, and then that aqueous
solution was used for the encapsulation of the hydrophobic RBOE dye.

Spectrally Resolved Imaging of Polymersomes. Sample
Preparation. Polymersomes solution in water (20 μL) containing
calcein and/or RBOE was drop cast on cleaned glass coverslips, and
the solvent was evaporated at room temperature in the dark. Different
concentrations of polymersomes (0.01, 0.03, and 0.1 mg/mL)
containing the dyes were used to optimize the density of polymer-
somes so that spatially well-separated individual emission spots were
visible (Supporting Information). Both the colocalization and energy-
transfer (spectral) measurements were performed at a polymersome
concentration of 0.1 mg/mL containing ∼30 nM calcein and ∼300 nM
RBOE. Control experiments were performed to optimize the
concentrations of both calcein and RBOE such that their fluorescence
could be detected at high signal to background with 488 and 532 nm
excitation sources, respectively.

Wide-Field Fluorescence Microscopy and Data Analysis. A home-
built total internal reflection fluorescence (TIRF) microscopy setup
based on an inverted optical microscope (Nikon TE2000U) was used
to perform fluorescence energy-mapped imaging and to collect
spatially resolved emission spectra of individual polymersomes in a
high-throughput manner. Details of the experimental setup and data
analysis procedures are provided elsewhere.41,42 A 488 nm Ar ion and
a 532 nm DPSS laser were used to illuminate a 40 × 40 μm2 area of
the sample via a 1.49 NA 60× objective (Nikon, Apo TIRF). Identical
excitation power (2 W/cm2 as measured below the objective) for the
two laser lines was used to illuminate both calcein and RBOE. The
fluorescence emission from individual spots was collected using the
same objective lens, passed through respective dichroic mirrors and
notch filters as well as a broad band (500−700 nm) emission filter
(Semrock), and eventually imaged through a cooled interline CCD
camera (DVC 1412AM) at 100 ms exposure. To obtain qualitative
information on the colocalization of two dyes, fluorescence imaging
was performed on the same sample area using band-pass filters for
calcein (490−530 nm, FF01-510/42-25, Semrock) and RBOE (545−
635 nm, HQ 590/90M, Semrock). The individual images (16-bit)
collected using the two energetic filters (assigned green and red
colors) were quantitatively superimposed via pixel-by-pixel matching
to generate a pseudocolor energy-mapped image, where the shade of
each spot qualitatively represents the intensities measured in individual
detection channels. All images were analyzed after background
flattening (rolling ball radius of 50 pixels) due to slight modulations
in the excitation field. Spatially resolved fluorescence spectroscopy of
individual spots was performed using a combination of a narrow slit
and a transmission grating (70 g/mm) placed in front of the CCD
detector.41,42 The emission profiles were calibrated for pixel to
nanometer conversion using several laser lines and also corrected for
the detector wavelength response. All spectrally resolved images
(Supporting Information) via dual-wavelength excitation (488 and 532
nm) were collected at identical excitation powers (2W/cm2) and
exposure times (300 ms). To avoid misinterpretation of in energy-
transfer due to photobleaching, emission spectra from each sample
area were first collected for 532 nm followed by 488 nm excitation.
Control measurements were performed on a single polymersome in
the presence of the same amount of acceptor (RBOE) in the absence
of the donor (calcein). All measurements were carried out at 25 °C,
and data were analyzed using ImageJ (NIH) and Origin 7.5.

Recognition of the Galactose Residues of Polymersomes by
Lectin. RCA120 interactions with vesicles were studied in 100 mM
phosphate buffer solution (pH 7.2) containing 0.1 M NaCl, 0.1 mM
CaCl2, and 0.1 mM MnCl2. RCA120 (1.0 and 0.5 mg/mL in this PBS
buffer) was prepared and subsequently sterile filtered. Turbidity
measurements were performed by adding 200 μL of the RCA120
solution to a dry quartz microcuvette (1 cm path length). A solution of
the assembled polymersome solution in PBS buffer was then gradually
added to the RCA120 solution. Upon addition, the solution was mixed
vigorously for 10 s using a vortex mixer and then placed in the
spectrometer to record the absorbance at 440 nm.

Molecular Dynamics Simulations. Extensive atomistic molecular
dynamics (MD) simulations of the 12GP (all-L-amino acid) and rac-
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12GP (equal D and L mixture with alternating D/L residues) were
performed to understand the secondary structure content of the
structural ensemble of the GPs in aqueous solution. All simulations
and analyses were performed using the Gromacs (version 5.0.2)
software suite.43 The force field parameters of the GP residues were
generated using the Antechamber utility of the AmberTools14
software suite.44 RESP charges were calculated using multiconforma-
tional fitting of the electrostatic potential. All of the force field
parameters were compatible with the AMBER99SB force field. All
simulations were started from the linear conformation of both GPs. To
speed up the sampling of the large conformational space of the
polypeptide chains, extensive replica exchange molecular dynamics
(REMD)45 simulations were performed using 55 replicas in the
temperature range of 300 to 400.56 K. All of the replicas were first
equilibrated in the NPT ensemble for 50 ns. Replica exchanges were
attempted every 4 ps. Production runs were continued for 450 ns,
which amounts to a total run length of 24.75 μs over all replicas for
each GP. The replica at 300 K was analyzed for the presence of various
secondary structural elements for both GPs (all-L and equal D/L
mixture) using DSSP.46

■ RESULTS AND DISCUSSION

Synthesis and Characterization of GP-PPO Block
Copolymer. Amine-terminated PPO was synthesized by
following the method of Savin et al. (Scheme 1).40 PPO−
OH was first tosylated, and the completion of tosylation was
confirmed using 1H NMR by integrating the peak at 2.39 ppm
(−SO2−C6H4−CH3) with respect to PPO (−CH−CH3)
protons at 1.07−1.11 ppm (Supporting Information NMR
spectra). In the next step, the tosyl group was quantitatively
converted to the corresponding azide. The complete
conversion was ascertained by monitoring the disappearance
of resonance due to the tosyl group in 1H NMR with the
concomitant appearance of a peak at 2100 cm−1 in FT-IR due
to the incorporation of the organo azide moiety. Finally, PPO−
NH2 was obtained by the reduction of PPO−N3 and directly
used as a macroinitiator for the ring-opening polymerization of
NCA. The polymerization of α-D-galacto-L/LD-lysine NCA was
carried out in the presence of 1.0 equiv of a proton sponge
using PPO−NH2 as the initiator (M/I = 12 and 25) in dry
DMF (Scheme 2 and Table 1). The completion of the reaction
was confirmed by the complete disappearance of the anhydride
stretch of NCA at 1785 and 1858 cm−1 in the FT-IR spectra
(Figure S2). The resulting block copolymer shows a
monomodal, narrow-molecular-weight distribution in the
GPC chromatogram (Figure S3). The molecular weight of
the resulting polymer was also confirmed by 1H NMR by
integrating the PPO protons (−CH−CH3) with respect to the
acetyl protons of the GP segment (Supporting Information
NMR spectra). The acetyl protecting groups of the pendant
carbohydrate were completely removed by hydrazine hydrate.
The complete removal of acetyl groups was confirmed by the
absence of acetyl protons in the 1H NMR spectra of GP-PPO
in DMSO (Supporting Information NMR spectra).

The conformation of the GPs in solution was investigated by
circular dichroism (CD). The GP segments in AcGP-PPO
(Figure S4) and GP-PPO (Figure 2), all of which contain an

enantiomerically pure poly-L-lysine backbone, were found to be
α-helical in acetonitrile and water, respectively, with character-
istic minima at 208 and 222 nm. In contrast, rac-AcGP-PPO
and rac-GP-PPO polymers (polypeptide backbone of poly-DL-
lysine) showed no helicity in the CD measurements (Figure 2).
This was expected because a backbone containing a racemic
amino acid is not expected to fold into an α-helix as has been
shown by us before.27

Self-Assembly of GP-PPO Block Copolymer in an
Aqueous Medium. Block copolymer consisting of two
chemically dissimilar blocks undergo self-assembly in selective
solvents, i.e., a good solvent for one block and a poor solvent
for another block.47 When water (poor solvent for the PPO
segment at room temperature) was added to the GP-PPO
polymer solution in DMSO (common solvent for both
segments), the diffusion of DMSO into water forces the PPO
segment to undergo microphase separation. During this
process, the hydrophobic PPO chains tend to associate together
in the polar environment, leading to the self-assembly of GP-
PPO polymers. After the removal of DMSO by dialysis, a drop
of the solution was deposited on a carbon-coated grid and
analyzed by TEM using uranylaceate as a negative staining
agent. We found that 12GP-PPO formed well-dispersed
polymersomes with spherical structure (Figure 3a), and a
characteristic dark rim on the outer surface (Figure 3a, inset)
was indicative of their hollow morphology. Using TEM size
distribution analyses (Figure S6a−c), it was observed that
polymersomes cast on a surface under solvent-evaporated
conditions have an average diameter of ∼50 nm, with sizes
ranging between ∼30 and 70 nm (Figure S6c). Further
evidence of the polymersomes’ hollow nature was obtained
from AFM measurements of the self-assembled structures on a
silicon wafer (Figure 3b). AFM height analyses (Figure S5)

Table 1. GP-PPO Block Copolymers Synthesized

protected polymer deprotected polymer

polymer M/Ia Mn (10
3g/mol)b Mw/Mn

c DPd % yielde polymer secondary structuref hydrophilic wt %

12AcGP-PPO 12 8.9 1.10 14 96 12GP-PPO helix ∼62
rac-12AcGP-PPO 12 8.9 1.10 14 97 rac-12GP-PPO nonhelical ∼62
25AcGP-PPO 25 17.2 1.15 26 97 25GP-PPO helix ∼78

aMonomer to initiator ratio. bNumber-average molecular weight calculated from GPC. cMw/Mn was calculated from GPC. dDP was calculated from
1H NMR. eTotal isolated yield of the glycopolypeptides. fSecondary conformation in water determined from CD measurement.

Figure 2. Circular dichroism spectra of the GP-PPO block copolymer
in water at 25 °C.
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reveal the formation of circular discs with a thickness of ∼6−8
nm and a height/diameter ratio of ∼0.08, in good agreement
with the hollow vesicular morphology.48 In addition, cryo-FEG-
SEM measurements were performed to obtain information on
the morphology of the polymersomes in their native (solution)
state, which not only show spherical structures (Figure 3c) but
also suggest a hollow morphology. The size distribution of
polymersomes obtained from cryo-SEM image analysis (Figure
S7a,b) yielded a mean diameter of ∼44 nm with a range of 20−
70 nm.
Light-scattering experiments (DLS and SLS) were then

performed to obtain more information about size and
morphology of the self-assembled structures in solution (Figure
4a,b). The hydrodynamic radius (Rh) was determined to be

22.5 nm by multiangle DLS. In SLS experiments, the intensity
of the scattered light measured at different angles is plotted
against q2, where q is the magnitude of the scattering vector.
From the slope of the linear fitting, the radius of gyration (Rg)
value was calculated to be 23.6 nm. The form factor (Rg/Rh)
was found to be 1.06 for the 12GP-PPO polymer, which is
close to the theoretical limit for polymersomes.49 These values
support the observations from electron microscopy and AFM
measurements (Figure 3), and the diameters of polymersomes
extracted from light-scattering measurements (45−47 nm) are
in good agreement with the mean size obtained from cryo-SEM
analysis (∼44 nm), substantiating the formation of nanoscale
self-assembled hollow structures.
Generally, amphiphilic block copolymers with a hydrophilic

to hydrophobic ratio larger than 1.0 usually form micelles, while
those with a ratio of less than 0.5 tend to form polymersomes.50

12 GP-PPO, which has a hydrophilic to hydrophobic ratio of
∼1.6, is therefore expected to form micelles. However, all of

our analytical data indicates the formation of polymersomes.
We hypothesized that the conformationally rigid glycopolypep-
tide comprising of pure L-glyco-amino acid was critical to the
self-assembly process leading to the formation of polymer-
somes. To test this hypothesis, rac-12GP-PPO polymer
containing equal mixture of D- and L-glyco-amino acid was
synthesized. The CD spectrum of this polymer shows the
absence of helicity, and the glycopolypeptide chain exists in a
more random conformation (Figure 2). We find that the rac-
12GP-PPO polymer did not self-assemble into polymersomes
in water and instead a sheetlike structure was observed (Figure
S7d). This suggests a strong correlation between the secondary
structure of the GP and nanoparticle structure formed upon
self-assembly. A similar correlation between the helicity of GP
and the structure of nanoparticles formed after self-assembly
has been reported for GP−dendron conjugates in aqueous
solution.32 This is in stark contrast to two previous reports on
glycopeptide-based polymersomes, where the conformationally
disordered hydrophilic glycopeptide segments favor the
formation of vesicles; in these amphiphiles, the formation of
polymersomes was driven by the packing of a helical
hydrophobic segment.33,34 On the contrary, our results clearly
demonstrate that the 12-mer glycopolypeptide, which exists
only as a weak helix (∼28% helicity), has a strong correlation
with the formation of polymersomes, which is indeed very
intriguing.
To understand the role of the weakly helical glycopolypep-

tide in the self-assembly process, we first studied the structural
ensemble of both pure and rac-glycopolypeptide by MD
simulations. It was observed that 12GP exhibits a considerable
helix−coil dynamic equilibrium, where the helical content is
found to be divided between α-helices and 3−10 helices. The
overall population distribution of various secondary structural
elements for 12GP is found to be α-helix, 21%; 3−10 helixes,
28%; turn, 23%; and coil, 24% (Figure 5). As we would expect,
rac-12GP does not demonstrate any appreciable helical content.
It primarily exists in a disordered coil structure (50%) with a
smaller population of turns (23%) and bends (25%) (Figure 5).
These results are in reasonable agreement with the
experimental CD spectra (Figure 3) as well. On the basis of
above conformational analysis of the glycopolypeptides, the
structure of amphiphiles 12GP-PPO and rac-12GP-PPO would
be expected to be roughly helix−coil and coil−coil, respectively.
Even though the helical peptide appears to be quite flexible and
dynamic in solution, we think that the conformational
equilibrium can shift further toward the helical structures

Figure 3. (a) TEM images of 12GP-PPO polymersomes in water with uranyl acetate as a negative stain and (b) AFM image of the polymersomes
drop cast from aqueous solution on a silicon wafer. The inset of (a) shows the TEM blowup of a single polymersome. (c) Cryo-FEG-SEM image of
12GP-PPO polymersomes in water. The inset of (c) shows a cryo-SEM blowup of a single polymersome.

Figure 4. Multiangle light-scattering experiments on 12GP-PPO. (a)
Plot of 1/τ vs q2 and Rh determination. (b) Guinier plot and Rg
determination.

Langmuir Article

DOI: 10.1021/la503993e
Langmuir 2015, 31, 3402−3412

3407

http://dx.doi.org/10.1021/la503993e


once the self-assembly process is initiated by the hydrophobic
association of the PPO segments. The helical conformation of
12GP (Figure S8) would certainly provide more efficient
packing of the peptide segment on the surface of the
polymersomes, and thus the population of the helical structures
is likely to be enhanced in the polymersomes. In contrast, the
inability to form helices would not allow the rac-12GP-PPO
polymers to form a compact self-assembled structure due to a
larger hydrodynamic radius with higher sphericity. Further
work is in progress to study the stabilization of the helical
conformation of the peptides induced by the self-assembly
process.
Finally, upon increasing the hydrophilic/hydrophobic ratio of

GP-PPO to 3.5, resultant polymer 25GP-PPO assembled into
wormlike micelles (Figure S7e), suggesting that a longer
hydrophilic GP chain in 25GP-PPO induced the assembly of
this polymer into a morphology bearing higher curvature.
Dye-Encapsulation Studies. The hollow nature of the

spherical particles was tested by encapsulating hydrophilic dye
calcein. UV−vis spectra of dye-encapsulated 12GP-PPO
polymersomes show a characteristic peak (λmax) at 493 nm
(Figure 6a). The encapsulation efficiency (EE) was determined
using the expression EE = (W1/W2) × 100, where, W1 is the

amount of calcein encapsulated andW2 is the amount of calcein
taken in the feed. The value of W1 was estimated from the
optical density (OD) at 493 nm (extinction coefficient for
calcein in water is 76 000 M−1 cm−1), from which the
encapsulation efficiency of calcein was determined to be
∼6.3%. The hydrophobic payload encapsulation of the
polymersomes was checked using nonpolar dye RBOE, the
long octadecyl chain of which makes it suitable to be placed
within the hydrophobic membrane of the vesicles. The
encapsulation efficiency of RBOE (extinction coefficient in
methanol is 112 000 M−1cm−1) was calculated to be ∼23% by
following the same expression as used for calcein. The UV−vis
spectra of RBOE-encapsulated polymersomes (λmax ≈ 562 nm)
show a clear blue shift (Figure S9) as compared to water (λmax
≈ 569 nm), which indicates that RBOE resides in a relatively
nonpolar microenvironment, consistent with the hydrophobic
shell of the polymersomes. Furthermore, DLS measurements
(Figure S10) suggest that the encapsulation of dyes leads to an
increase in the size of the polymersomes. To corroborate this,
fluorescence correlation spectroscopy (FCS) was performed on
very dilute (∼1 nM) aqueous solutions of 12GP-PPO
polymersomes in the presence of RBOE (Figure S11). The
diffusivities for the polymersomes extracted from the single-
component fit to the intensity autocorrelation function revealed
an average hydrodynamic radius of ∼42 nm. In addition, the
absence of a fast decay (up to few hundred μs) in the observed
FCS autocorrelation function points out that an overwhelming
majority of hydrophobic RBOEs are sequestered within the
polymersomes.
The fluorescence emission spectra of calcein-encapsulated

polymersomes in water show an emission maximum (λmax
em ) at

514 nm, whereas RBOE-encapsulated polymersomes show an
emission maximum at 578 nm upon excitation at their
respective absorption maxima (490 and 554 nm, respectively)
(Figure 6b). Because of the considerable overlap of calcein
emission with RBOE absorption (Figure S12), these two dyes
can act as donor−acceptor FRET pairs. We hypothesize that if
both dyes are encapsulated within the polymersomes then it is
possible to observe some energy transfer between the donor
and the acceptor, which should result in a decrease in calcein
emission and a simultaneous enhancement in RBOE emission.
Figure 6b shows the OD-corrected fluorescence emission
spectra of calcein-encapsulated polymersomes in the absence
and presence of RBOE. The emission spectra in the presence of
both dyes display a noticeable shoulder at 578 nm due to
RBOE in addition to characteristic calcein emission, which is
indicative of some amount of energy transfer between the
FRET pair. Furthermore, the OD-normalized emission spectra
of RBOE-loaded polymersomes directly excited at 490 nm are
found to have a much lower intensity at 578 nm as compared to
that in the presence of calcein-loaded polymersomes. Although
this difference in intensity is not significant, we do observe a
reduction in the donor fluorescence at 514 nm in presence of
the acceptor, which again suggests that some amount of energy
transfer do occur between calcein and RBOE. However, the
extent of energy transfer is clearly nominal, likely due to the
relatively large size of the polymersomes (∼50 nm), where a
considerable fraction of encapsulated calcein molecules remain
within the encapsulated aqueous environment, quite far from
the RBOE buried within the hydrophobic membrane of the
polymersomes. Nonetheless, solution measurements do suggest
the possibility of a small fraction of calcein molecules being in
close proximity to RBOE yet cannot provide conclusive

Figure 5. Representative snapshots from the extended structural
ensemble (REMD) as observed from the replica at 300 K for both
12GP (left panel) and rac-12GP (right panel). Only the cartoon
representation of the backbone is shown for clarity. The highlighted
secondary structural elements are α-helix (purple), 3−10 helix (blue),
turn (cyan), and coil (white).

Figure 6. UV−vis absorption spectra of 12GP-PPO polymersomes in
water after dye encapsulation (a) and the OD-normalized emission
spectra of dye-labeled polymersomes (b) in solution excited at
different wavelengths. The enhancement of RBOE emission in the
presence of calcein is blown up in the inset.
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evidence that both dyes are present within the same
polymersome.
Spectrally Resolved Imaging of Individual Polymer-

some. To substantiate the encapsulation of both hydrophilic
and hydrophobic dyes within the same polymersome, wide-field
fluorescence microscopy was performed using 488 and 532 nm
laser excitation on dye-loaded polymersomes drop-cast on a
glass substrate. First, fluorescence imaging was performed for
different concentrations of polymersomes in the presence of
each dye individually, following which they were imaged in the
presence of optimal proportions of both dyes. Figure S13 shows
the presence of several bright, highly localized emission spots,
the density of which increases with polymersome concentration
(without a significant change in their intensity). This
demonstrates that individual, spatially segregated polymer-
somes are being detected using either of the two dyes. Figure 7a

shows the fluorescence intensity image of a characteristic area
of the sample, where several tens of individual polymersomes
can be readily visualized along with a few agglomerates. We find
that a vast majority (70−80%) of these emission spots are
diffraction-limited as expected for small polymersomes (≤200
nm) whereas the remaining ones with dimensions between 200
and 500 nm are relatively brighter because of the larger number
of dyes likely to be accommodated therein (Figure S14). It
should be noted that the relatively weak background signal due
to nonspecifically bound dyes on the glass surface photo-
bleaches at a much faster rate under continuous illumination as
compared to those from localized emission spots, which

provides additional evidence that the dyes are encapsulated
within polymersomes.
The colocalization of both dyes within individual polymer-

somes was probed using energy-mapped fluorescence imaging;
the same sample area was excited with a 488 nm (for calcein)
and a 532 nm (for RBOE) laser, following which the emission
was collected via two energetically separated band-pass filters
(490−530 nm and 545−635 nm) to selectively detect calcein
and RBOE. Figures 7b and 7c show the intensity images of the
same lateral area in detection of the emission from calcein
(green, false color) and RBOE (red, false color), respectively. It
is clear that an overwhelming majority of the emission spots
show that both dyes are colocalized within individual
polymersome (also seen from intensity line profiles in Figure
7). Furthermore, the intensity images from the two detection
channels were quantitatively overlaid to generate a pseudocolor
energy-mapped image (Figure 7d), where the hue of each spot
qualitatively represents the relative abundance of two dyes
within an individual polymersome. For instance, there are quite
a few spots which either have more calcein (dotted circles,
green tinge) or more RBOE (dotted squares, orange tinge) as
compared to the predominant yellow color (similar intensities
from both calcein and RBOE), signifying the variation in the
relative proportion of two dyes among different polymersomes
in the ensemble.
Interestingly, we noticed that when excited with a 488 nm

laser (to visualize calcein), a large population of the
polymersomes show significant emission in the lower energy-
detection channel (for RBOE). This prompted us to explore
energy transfer between the FRET pair within the polymer-
somes embedded on a glass substrate. To corroborate this
possibility, spatially resolved fluorescence spectroscopy was
performed on individual polymersomes in the presence of both
the donor and acceptor dyes. First, the presence of acceptor
(RBOE) was detected in each polymersome using 532 nm laser
illumination followed by 488 nm excitation of the donor
(calcein), and each time the emission spectral profile was
collected for several polymersomes simultaneously as a
spectrally resolved fluorescence image41,42 (Figure S15a,b).
Nine such characteristic single-polymersome fluorescence
spectra under dual-wavelength excitation are shown in Figure
8a,b, along with the intensity image (Figure 8, inset) to identify
each polymersome (spots marked 1−9) from which spectra
were recorded. Here, we note that the extinction coefficient for
RBOE at 532 nm is ∼6 times greater compared to that at 488
nm, and calcein can hardly absorb light at 532 nm (Figures S12
and S15). As a consequence, when excited at 532 nm, the
emission spectra for individual polymersome displayed only
characteristic RBOE emission (Figure 8a). Upon illumination
of the (same) polymersome with a 488 nm laser at an identical
laser power (Figure 8b), we find two distinct spectral envelopes
due to calcein (λmax

em ≈ 515 nm) as well RBOE (λmax
em ≈ 580 nm).

Interestingly, for 488 nm excitation, a majority of individual
polymersome exhibit RBOE emission intensity (dashed box)
only slightly less (2- to 3-fold) than that for selective excitation
at 532 nm. This is in stark contrast to the more than 6-fold
reduction in the emission intensity observed for RBOE (at λex =
488 nm) within individual polymersomes in the absence of
calcein (Figure 8a,b, dotted lines and Figure S16), which
implies a considerable enhancement of the acceptor emission in
the presence of the donor.
This emission intensity enhancement of RBOE no doubt

points to significant energy transfer between the two dyes

Figure 7. Energy-mapped fluorescence microscopy images for a
characteristic area depicting individual polymersome as obtained
through (a) 500−700 nm filter for the collective emission of calcein
and RBOE, excited at 488 nm. (b) 490−530 nm filter for calcein
emission (colored green) via 488 nm excitation, and (c) 545−635 nm
filter for RBOE emission (colored red) via 532 nm excitation. The
images were collected at same excitation power and exposure time.
Superimposed pseudocolor intensity image (d) generated by the
quantitative overlap of (b) and (c) to detect the colocalization of
calcein and RBOE. Intensity line profiles (dashed lines) are shown on
the top of each image for a comparison of quantitative intensities.
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encapsulated within a single polymersome. Although it is not
possible to quantify the extent of energy transfer (or the
efficiency) due to a lack of information on the absolute number
of (or proportions of) donor and acceptor dyes within each
polymersome, we do find that there is a large variation in the
extent of intensity enhancement (for RBOE) among different
polymersomes in the subensemble (Figure S15c,d). It is rather
difficult to comment whether this nonuniformity is a
consequence of heterogeneity in size/shape of the polymer-
somes being probed, or is due variation in relative proportion of
encapsulated dyes, or both. We note, however, that AFM
measurements (Figure S5) reveal the formation of disc-shaped
structures with height ranging between 5 and 10 nm when cast
out of solution, which implies the collapse of the polymersome
structure on a glass substrate. This can indeed result in a larger
proportion of the donor and acceptor dyes being in close
proximity (within the Förster radius) to allow for efficient
energy transfer to take place. Nonetheless, these results, in
conjunction with colocalization measurements, unambiguously
demonstrate the capability of these PPO-glycopeptide polymer-
somes to encapsulate both hydrophobic and hydrophilic drugs
concurrently.
Recognition of the Galactose Residues in Polymer-

somes by Lectin. The recognition and binding abilities of the
galactose-containing polymersomes with RCA120 were esti-
mated by turbidimetric assay (Figure 9). Protein RCA120 is
known to bind specifically to galactosyl residues. In polymer-
somes, multiple copies of the galactosylated glycopolypeptides
are displayed on the outer surface, and they are expected to

interact with the carbohydrate binding site of the RCA120. As
can be observed for the addition of polymersome solution to
the RCA120 solution, the turbidity first increases with increasing
concentration and finally reaches a plateau. At this point, the
turbidity does not increase with increasing concentration of
polymersomes and can be considered to be an optimum value
for the binding to RCA120. As the concentration of RCA120
increased, the concentration of polymersomes also increased to
completely precipitate out the RCA120, as evidenced from
Figure 9. This implies that the galactose moieties present at the
surface of the polymersomes are available to interact with cell−
surface receptors.

■ CONCLUSIONS

We have synthesized glycopolypeptide-b-poly(propylene oxide)
by ROP of glyco-N-carboxyanhydride using hydrophobic
amine-terminated PPO as the initiator with good control over
molecular weight. This block copolymer is composed of a FDA-
approved PPO hydrophobic block in conjugation with
hydrophilic glycopolypeptides which are expected to be
biocompatible. We demonstrate the formation of glycopolypep-
tide-based polymersomes from the self-assembly of glycopoly-
peptide-b-poly(propylene oxide) having 62% hydrophilicity by
weight. We show that the packing of an ordered helical
glycopolypeptide segment is essential for their self-assembly
into spherical nanoscale polymersomes. This is in contrast to a
recent report which suggests that random glycopolypeptide
segments are required for polymersome formation. Specific
recognition of lectin by the galactose moieties present on the
polymersomes’ surface reveals that these nanoscale vesicles are
indeed biologically active. To evaluate their ability to
encapsulate two drugs of different polarities, spectrally resolved
microscopy was performed on polymersomes in the presence of
a hydrophobic and a hydrophilic fluorescent dye. We show that
it is possible to visualize individual, spatially segregated
nanoscale (<100 nm) polymersomes with high contrast and
in a high-throughput manner. This allowed us to effectively
probe the colocalization and energy transfer of the dyes within
the PPO-glycopeptide polymersomes and investigate the
variation in the extent of dual-dye encapsulation. This
demonstrated method could potentially be useful to understand
the interaction of these dye-loaded polymersomes with cell
surface receptors leading to endocytosis. Such studies are
currently being performed in our laboratory.

Figure 8. Spatially resolved fluorescence spectra of individual polymersomes using dual-wavelength excitation in the absence of emission filters. The
intensity image (inset) identifies each emission spot from which spectra were collected (marked using color-coded circles and numbers).
Representative emission profiles acquired from single polymersomes with (a) 532 nm and (b) 488 nm excitation. Spectra from each polymersome
are color coded for a comparison of the RBOE emission window (dashed box) when excited at 532 and 488 nm. Thick dotted lines in (a) and (b)
represent the emission spectra for an RBOE-labeled polymersome in the absence of calcein.

Figure 9. Turbidity assay of 12GP-PPO polymersomes at two different
RCA120 concentrations of (a) 1.0 and (b) 0.5 mg/mL.
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