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Influence of the block copolypeptide surfactant
structure on the size of polypeptide nanoparticles
obtained by mini emulsion polymerisation†
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Polypetide nanoparticles obtained by miniemulsion polymerisation of amino acid N-carboxyanhydrides

(NCA) are a novel class of tuneable bio-derived functional nano materials for potential applications in

nutraceutics, agriculture, and medicine. This work discloses a facile route to stable hydrophobic polypep-

tide nanoparticles comprising a poly(L-phenylalanine) and poly(L-leucine) core, respectively, using two

amphiphilic glycosylated block copolypeptide surfactants with hydrophobic poly(L-phenylalanine) or poly

(L-leucine) blocks. All surfactant/core combinations produce stable nanoparticle dispersions with average

particle sizes between 160 and 220 nm. However, analyses using light scattering techniques, SEM imaging

and Asymmetric Field Flow Fractionation, reveal a particle size dependence on the surfactant/core combi-

nation in that particles are reproducibly 20–30% larger if the surfactant block is identical to the amino

acid polymerised in the core. It is hypothesised that this is caused by complex hydrophobic and second-

ary structure interactions between the surfactant and particle core. These fundamental insights will

inform the future design of polypeptide nanoparticle libraries utilizing many different amino acids for

example in nanomedicine.

Introduction

Degradable nanoparticles find applications in many fields
such as nutraceutics,1 agriculture,2 and medicine.3 Typically
degradable nanoparticles are composed of polyesters, polya-
mides, polysaccharides or polypeptides, whose beneficial
factor is that they degrade to non-toxic, low molecular weight
products which are typically easily eliminated. Conventionally,
these degradable nanoparticles are formed from preformed
polymers, which look to utilise hydrophobic interactions,
electrostatic forces, hydrogen bonding and van der Waal
forces, or some combination thereof, to maintain their

integrity.4–6 The synthesis of these degradable nanoparticles
typically requires a post polymerisation synthetic step and
therefore, in the field of degradable nanoparticle synthesis,
there has been a significant shift towards more streamlined
and reproducible alternatives such as heterogeneous poly-
merisation systems.7 Emulsion polymerisation is an alternative
method to fabricate nanoparticles which utilises emulsifying
surfactants. As such, emulsion polymerisations offer enhanced
control over the resulting size and morphology of nano-
particles compared to traditional particle fabrication tech-
niques, through the selection of surfactant composition, con-
centration, ratio of the different phases used and the addition
of co-stabilisers.8,9 However, significant amount of mass trans-
fer between oil droplets can cause disperse size distribution.
Furthermore, when considering a typical oil in water (o/w)
emulsion, this methodology is unsuitable for water sensitive
polymerisation procedures as often utilised in the synthesis of
biodegradable polymers. Therefore, miniemulsion polymeris-
ation has grown in popularity because of the formation of
“micro-reactors” within which the polymerisation proceeds to
produce the final nanoparticles.10,11 Furthermore, the utilis-
ation of amphiphilic polymeric surfactants which self-assem-
ble within dilute solutions and, once the monomer droplets
are introduced, become kinetically irreversibly adsorbed to the
oil interface, have allowed for the fabrication of particles with
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more precise control over size and homogeneity. This is owing
to the lack of or slow exchange rate between micelles, further
supressing the chance of mass transfer during polymerisation.
This was demonstrated by Lu et al. when an amphiphilic poly
(acrylic acid-b-styrene) was used as the surfactant within a
Reversible Addition–Fragmentation chain-Transfer (RAFT)
miniemulsion polymerisation to produce poly(styrene)
nanocapsules.12

The hydrophilic surfactant block can also be used to intro-
duce functionality to the nanoparticles. Previously, we have
applied this concept to obtain glycosylated poly(styrene) nano-
particles using a glycosylated polypeptide/polystyrene block
copolymer surfactant and demonstrated selective lectin
binding as well as cell uptake for intercellular oxygen
sensing.13–16 In most reported cases the hydrophobic portion
of the surfactant is structurally similar to the polymer pro-
duced in the oil phase to ensure complementary interfacial
interaction. However, in some examples, incompatibilities
between both polymer structures give rise to de-mixing
phenomena caused by polymer immiscibility and repulsive
molecular forces. A comprehensive study on the effect of mis-
matching surfactant/core structures was reported by the Heuts
group where poly(styrene) and poly(methyl methacrylate) nano-
particles were synthesised using a poly(styrene) containing
polymeric surfactant.17 The authors found that if the surfac-
tant block and the core polymer are incompatible, phase sep-
aration occurs resulting in irregular particle morphologies.
Moreover, Riess reported that the composition of the surfac-
tant influenced the resulting particle size through the adsorp-
tion and intermolecular forces between the core polymer and
surfactant system.18 These examples, as many others in the lit-
erature, are mostly limited to radical polymerisation
techniques.19,20 Traditionally, degradable nanoparticles have
been fabricated through the emulsification of pre-synthesised
degradable polymers.21,22 Of the limited examples of degrad-
able nanoparticles synthesised through miniemulsion poly-
merisation, almost all rely on the use of commercially available
surfactants; significantly reducing the library of potential
monomers available for polymerisation.23–25 Polypeptides are
a class of degradable materials possessing a wide variety of
inherent functionalities based on the amino acid building
blocks chosen, such as amines, carboxylic acids, thiols etc.
High molecular weight homo- and co-polypeptides with low
molecular weight dispersities can be synthesised using the
ring opening polymerisation (ROP) of amino acid-derived
N-carboxyanhydride (NCA) monomers.26–28 One drawback of
the ROP of NCA monomers is their moisture sensitive nature
whereby anhydrous conditions are usually required for their
successful controlled polymerisation. However, recently there
have been reports of aqueous methods being utilised based on
supressing or outpacing the hydrolysis of the NCA monomer,
whilst increasing the rate of polymerisation. Song et al. utilised
a biphasic DCM/aqueous system where a poly(benzyl-L-gluta-
mate) α-helical macroinitiator was found to increase the rate of
monomer consumption and allowed for the synthesis of high
molecular weight polypeptides with narrow dispersities.29

More recently polymerisation induced self-assembly (PISA) has
been applied within a basic aqueous buffer conditions to
produce in situ polypeptide nanoparticles by ring opening
polymerisation of a benzyl-L-glutamate NCA monomer.30,31 We
have recently disclosed the first NCA miniemulsion technique
whereby core crosslinked polypeptide nanoparticles were syn-
thesised by a miniemulsion polymerisation utilising an amphi-
philic glycopolypeptide surfactant.32 In the reported system
the amphiphilic surfactant comprised an hydrophobic poly(L-
phenylalanine) block, which enabled the formation of a poly
(S-o-nitrobenzyl-L-cysteine) core. Subsequent UV crosslinking
of the core was applied to increase the nanoparticle stability.

In this study, poly(L-phenylalanine), P(Phe), and poly(L-
leucine), P(Leu), were selected as aromatic and aliphatic hydro-
phobic core materials, respectively. Hydrophobic polypeptides
are known to assemble through secondary structure inter-
actions such as α-helices and β-sheets,33 which was expected to
strongly contribute to the stability of the polypeptide nano-
particles. Unlike for acrylic or styrenic surfactant/core systems,
there is no knowledge available how the surfactant/core com-
patibility affects the formation and characteristics of polypep-
tide nanoparticles in an NCA miniemulsion polymerisation.
We hypothesised that compatibility effects at the surfactant/
core interface as well as secondary structure interactions could
be a critical factor in this process. Here we present a funda-
mental study into the tuneability of sizes the system affords
based on the differences in core polypeptides and the nature
of the hydrophobic portion of the surfactant.

Results and discussion
Surfactant synthesis

Two amphiphilic surfactants were synthesised containing lac-
tobionic acid modified poly(L-lysine) as the hydrophilic block
and PLeu or PPhe as the hydrophobic block (Fig. 1). Firstly a
poly(ε-carbobenzyloxy-L-lysine) (poly(Z-L-lysine)) block 1 was
synthesised through the allylamine initiated ROP of the
respective NCA targeting a degree of polymerisation (DP) of 50.
Upon full monomer consumption, as monitored by ATR-FTIR
spectroscopy through the disappearance of the NCA anhydride
peaks (1850 cm−1 and 1790 cm−1), the second NCA (Phe or
Leu) was added aiming at a DP of 10 to yield block copolymers
2. It was necessary to grow the second block, especially for
phenylalanine, in an excess volume of DMF in order to prevent
precipitation due to reduced solubility as the chain grows.
Subsequently, the lysine block was deprotected (3) and reacted
with lactobionic acid (30% glycosylation targeted) to enhance
hydrophilicity and yield the desired block copolypeptides. Size
Exclusion Chromatography (SEC) displayed monomodal traces
(Đ ∼1.1) with the expected molecular weight shift for both sur-
factant variations throughout the synthetic stages (Fig. 2 and
Fig. S1†). All signals for 1H NMR were in good agreement with
the block copolypeptide structures (Fig. 2 and Fig. S2†) and
the degree of polymerisation was calculated for the protected
polypeptide through the ratio of the methine proton of the
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initiator allyamine (5.6 ppm) to the methylene protons of the
polypeptide protecting group of P(Z-L-Lys) (5.2 ppm) and the
methylene group of P(L-Phe) (2.8 ppm) or the isobutyl group of

P(L-Leu) (0.8 ppm) (Fig. S3 and S4†).13 Most significant, the
spectra show the disappearance of the P(Lys) protecting group
signal at 5.3 ppm (green box, Fig. 2) and at 7.3 ppm (purple

Fig. 1 Concept of NCA miniemulsion polymerisation by varying polypeptide segments in the surfactant and the polypeptide core. Synthesis of surfactant
variations S-Phe and S-Leu. (a) ZLL NCA, allyamine, DMF, 0 °C, vacuum, (b) L-Phe NCA or L-Leu NCA, DMF, 0 °C, vacuum, (c) TFA, HBr (33% in acetic acid),
25 °C (d) lactobionic acid, sulfo-NHS, EDC, 0.1 mM, MES buffer, 25 °C. Miniemulsion nanoparticle synthesis: surfactant (S-Phe/S-Leu) DI water solution in
ice bath, NCA (C-Phe or C-Leu) in DCM solution added under sonication (c = 100, A = 70%) and sonicated for 15 min before trimethylamine addition.

Fig. 2 1H NMR spectra (400 MHz, CF3OOD) and SEC traces (HFiP, RI detection) of the three stages of synthesis of S-Leu copolypeptide surfactant.
Full 1H NMR peak assignment can be found in ESI Fig. S3 and S4.†
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box) highlighting a successful deprotection as well as the
appearance of lactobionic acid signals at 4–5 ppm (blue box)
confirming the glycosylation of the block copolypeptide surfac-
tants. All characterisation data are summarised in Table S1.†
In the following, the surfactants will be denoted S-Phe for the
phenylalanine block copolypeptide and S-Leu for the leucine
containing block copolypeptide, respectively.

Mini-emulsion polymerization

For the miniemulsion process to form polypeptide NPs, an
aqueous solution of the surfactant (Fig. 3A), was sonicated
whilst a dichloromethane solution of Phe and Leu monomers
of core forming polypeptides (denoted as C-Phe and C-Leu) was
added forming stable emulsions (Fig. 3B). For all four surfac-
tant/monomer combinations (S-Leu/C-Leu, S-Leu/C-Phe, S-Phe/
C-Phe and S-Phe/C-Leu), the oil-in-water emulsions were formed
successfully, as can be seen by the change in turbidity between
Fig. 3A and B. Subsequently triethylamine was added to initiate
the NCA polymerisation in the particle core in an open vessel.
After 24 h the reaction mixture was dialysed and purified to
afford a fully aqueous dispersion of particles (Fig. 3C). No pre-
cipitation was observed during any of these steps or after dialy-
sis signifying high stability of the core forming homopolypep-
tide within the core of the nanoparticles.

Spectroscopically the presence of the core homopolypeptide
and the surfactant in the nanoparticles after dialysis was con-
firmed by comparative 1H NMR spectra which were recorded
in d-TFA as a common solvent for surfactant and core polypep-
tide. Fig. 4 depicts the example of the S-Leu/C-Phe combi-
nation. The presence of diagnostic aromatic signals of P(Phe)
at 7–7.5 ppm and of the S-Leu –CH3 at 0.8 ppm confirms the
successful core polymerisation as well as that the surfactant
remains adsorbed onto the particle surface after purification.
Similar results were obtained for S-Phe/C-Leu nanoparticles
(Fig. S5†) but was not conducted for the variations where the
core and surfactant contained the same amino acid as no
difference can be seen.

DLS was first used to track the emulsion droplet size for the
initial 24 hours during which the polymerisation occurs. The
results for all four surfactant/core combinations (n = 3) are
plotted in Fig. 5 and summarised in Table S2.† It was found

that the Z-average diameters are consistent for each time
point, which is indicative of a stable emulsion for the duration
of the polymerisation, as seen by the narrow standard devi-
ations. Moreover, monomodal DLS traces and correlograms
(Fig. S6†) achieved for each time point highlight the robust-
ness of the data. It can therefore be said that the system is
highly reproducible with a minimal batch to batch variation in
z-average size when measured by DLS. Also the particles stabi-
lity against dilution was eluded to through the lack of size
change before and after purification by dialysis. Therefore we
have successfully synthesised four variations of polypeptide
NPs using a miniemulsion set up, during which the tracking

Fig. 3 Images of (A) the surfactant solution S-Phe in water, (B) solution
after emulsification by sonication (15 min, c = 100, A = 70%) with Phe
NCA in dichloromethane and (C) the dialysis purified nanoparticle solu-
tion after core polymerisation (C-Phe).

Fig. 4 1H NMR (400 MHz, CF3COOD) spectra of (a) the surfactant
S-Leu, (b) the nanoparticle obtained from the core polymerisation of
Phe NCA using the S-Leu surfactant, S-Leu/C-Phe and (c) polyPhe.

Fig. 5 DLS Z-average diameter of the 4 different emulsion nanoparticle
variations during the 24 h miniemulsion polymerisation. Samples taken
at different time points directly from the miniemulsion reaction. Error
bars represent standard deviation (n = 3).
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of the polymerisation presented statistical differences. This
eludes to the potential forces present within the core that
allows for the nanoparticles to be formed in situ.

Nanoparticle characterisation

For all further studies the nanoparticles were collected after
24 h, purified by 72 h dialysis against water and characterised.
As suggested by Kim et al.,34 to avoid any bias by a single
method, the polypeptide NP’s were systematically analysed by
Dynamic Light Scattering (DLS), Nanoparticle Tracking
Analysis (NTA), Transmission Electron Microscopy (TEM) and
preliminary asymmetric flow field flow fractionation (AF4).
Comparing the final DLS sizes, statistically significant differ-
ences between all four different combinations were found
(Table 1, Fig. S7, S8 and Tables S3, S4†). When the surfactant
polypeptide matches the core polypeptide (e.g. S-Phe/C-Phe
and S-Leu/C-Leu), the resulting sizes are significantly larger
with z-average diameters of 203.8 ± 8.8 nm and 224.2 ±
16.0 nm, respectively. Conversely, smaller particles are
obtained when the two structures are different such as in
S-Phe/C-Leu, 164.4 ± 17.5 nm, and S-Leu/C-Phe, 173.7 ±
6.5 nm. The DLS data were corroborated by NTA analysis.
While both methods are light scattering techniques, the result-
ing data places emphasis on different factors. DLS Z-average
reported values places a greater emphasis on the intensity
average compared to NTA which focuses on the number
average and so in general reports smaller diameters.34

However the raw number average size as measured by DLS can
be compared to that of the NTA (Table S6†).

From the data obtained by both light scattering methods it
is evident that the same trend is seen despite the technique
used (Table 1 and Fig. S12†). This is a strong indication that
depending on the surfactant/core composition the inter-
molecular forces and compatibility factors between surfactant
and final core polypeptide dictate the final size. If the core
polypeptide is structurally matched by the surfactant, larger
particles are obtained, while in case of a mismatch, average
particles sizes are smaller. As this effect is independent of the
type of the core polypeptide it must be caused by a core-surfac-
tant interaction. The exact nature of this interaction is some-
what speculative. It could be the result of polymer incompat-
ibility leading to a phase separation between surfactant and
core as seen with acrylic systems.17 However, considering the

strong secondary structure interactions between polypeptides,
it is conceivable that these play a significant role in this
process in that surfactants capable of matching the core sec-
ondary structure are incorporated into the NP bulk assembly
creating a more homogeneous interface.

Finding evidence for secondary structure interactions in
this complex system is challenging. Owing to their lack of solu-
bility, homo P(Phe) and P(Leu) are not widely studied in the
literature. However, early FTIR studies on the polymerisation
of L-Phe NCA and L-Leu NCA when initiated with trimethyl-
amine, as is done here for the nanoparticle core, P(Leu) exhibi-
ted up to 95% α-helix content35,36 compared to P(Phe) which
displayed a predominant β-sheet structure depending on the
solvent used.37 The high propensity of P(Leu) for helical struc-
tures was ascribed to the more freely rotatable aliphatic side
chain compared to the bulky aromatic side chain of P(Phe),
which therefore assumes a predominantly β-sheet structure.
Consequently, the two hydrophobic polypeptides differ not
only in their side chain structure (aromatic vs. aliphatic) but
also in their hypothetical secondary structures within the core.
This eludes to the potential forces present within the core that
allows for the nanoparticles to be formed and stabilised
through a combination of hydrophobic and secondary struc-
ture interactions. The hydrophobic surfactant blocks have the
same propensity for the respective secondary structures
although it has been shown that precipitation during purifi-
cation can somewhat improve the helical content of P(Phe)
containing polypeptides as it resolves their thermodynamic
instability as sheets.37 Therefore it can be hypothesised that in
the variations containing C-Phe the core is more likely to
contain a higher percentage of β-sheet structures compared to
those with a C-Leu core, which is in agreement with the expec-
tation. It can be speculated that if the surfactant block is of
the same nature and can adopt the same secondary structure
as the core, it integrates into the core arrangement resulting in
larger nanoparticle sizes, such as that seen in the S-Leu/C-Leu
or S-Phe/C-Phe compositions (Fig. 6).

Table 1 The differences in the average hydrodynamic diameters for
each variation in water as seen by DLS and NTA light scattering tech-
niques. P-Values for statistical significance DLS measurements are listed
in Table S4, ESI†

Surfactant/core

DLS
NTA

Size [nm] Disp. Size [nm]

S-Phe/C-Phe 203.8 ± 8.8 0.19 ± 0.02 150.5 ± 10.9
S-Phe/C-Leu 164.4 ± 17.5 0.21 ± 0.02 134.0 ± 10.7
S-Leu/C-Phe 173.7 ± 6.5 0.18 ± 0.02 123.5 ± 2.1
S-Leu/C-Leu 224.2 ± 16.0 0.18 ± 0.03 180.9 ± 7.8

Fig. 6 Hypothetical interactions within the core of the nanoparticles
based on amino acid and theoretical secondary structure adopted.
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Subsequently, the stability of the NPs was further investi-
gated upon dilution in PBS buffer compared to the standard in
H2O that was used throughout (Table S5 and Fig. S9†). Using
DLS the z-average size and zeta potential was taken for the
four nanoparticle compositions. It was found that the zeta
potential in an aqueous dispersion was roughly between 40
and 50 mV which is an indication of a stable suspension of
particles.38 When measured in a 10-fold dilution in 10 mM
PBS solution the measured sizes decreased slightly across all
the nanoparticles but the trend was maintained. Therefore,
from the light scattering sizing results, the same size trends
were seen across both techniques and across the three
different media used for measurements. Also the zeta potential
values obtained indicate a high level of stability, theorized to
be caused by the charge present in the pendent lysine of both
surfactants and the presence of the bulky disaccharide group
providing steric repulsion.

TEM images were taken after staining with a 1% phospho-
tungstic acid solution (Fig. 7 and Fig. S10†). Samples contain-
ing the S-Phe surfactant provided sufficient contrast and were
also imaged unstained (Fig. S11†). While the diameters seen
by the TEM images are smaller than those reported by NTA
and DLS as the particles are in a dry state, all images confirm
the spherical and uniform shape of all nanoparticle combi-
nations. When comparing the P(Leu) surfactant samples
(Fig. 7c and d) the same size trend is observed as such that the
aromatic core nanoparticles composed of unmatched core/sur-
factant moieties have a smaller diameter than those with an
L-Leu core. These images also allow us to presume spherical
morphology in the solvated state and so support the sizes
obtained by light scattering techniques as these both presume
spherical morphology.

Finally selected particles were also characterised by prelimi-
nary AF4. During this technique the particles are separated

based on differences in dynamic diffusion when subjected to
an asymmetric flow over a porous membrane; producing a
nearly monodisperse size fraction which can then be analysed
by online detectors including UV-Vis spectrophotometry, multi
angle light scattering (MALS) and DLS.39,40 MALS was used to
determine the radius of gyration (Rg) and ‘online’ DLS was
used to determine the hydrodynamic radius (Rh).

41 Online DLS
is thought to give a more accurate Rh than that calculated by
the bench top batch DLS as a measurement is taken every 3
seconds within a flow cell during separation. This eliminates
the bias towards larger nanoparticles/aggregates which scatter
the light more intensely and can mask the presence of smaller
nanoparticles skewing the size reported.42 From the MALS and
DLS elugrams, two size fractions can be identified in all
samples, the lower fraction agreeing with the sizes range
obtained by the static DLS and a fraction of larger particles
(Table 2 and Fig. S13†). Aggregation may be hard to identify
within other benchtop techniques based on the low concen-
tration of aggregates present. For the preliminary morphology
analysis, only the more populous lower size fraction was
considered.

Using the Rg and Rh values obtained from the detectors
within the AF4 system, information about the morphology can

Fig. 7 Selected TEM images of the nanoparticles of the 4 different vari-
ations. When S-Phe was used to produce a C-Phe (a) and C-Leu (b) and
when S-Leu was used to produce a C-Phe (c) and a C-Leu (d). Scale bar
represents 100 nm for each image respectively.

Table 2 Values obtained for the first fraction by AF4 for the Rg (MALS)
and Rh (DLS) values and the calculated Rg/Rh values

Surfactant Core Rg [nm] Rh [nm] Rg/Rh

S-Phe C-Phe 62 ± 6.1% 70 ± 0.4% 0.886
C-Leu 68 ± 1.2% 63 ± 4.5% 1.079

S-Leu C-Phe 52 ± 0.5% 62 ± 1.2% 0.838
C-Leu 61 ± 1.4% 66 ± 4.8% 0.924

Fig. 8 Rg/Rh values for the AF4 elugrams obtained from the MALS (Rg)
and DLS (Rh) to obtain information on the particle morphology for the
first fraction.
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be elucidated from the ratio of the two values. Rg/Rh values of
roughly between 0.8 and 1 are indicative of spheres.43 More
specifically, Rg/Rh value of 0.775 is indicative of a solid spheri-
cal morphology, Rg/Rh = 1 is indicative of a hollow spherical
morphology and Rg/Rh >2 is indicative of an elongated struc-
ture.44 Due to the nature of the nanoparticles this can be used
as an interpretation of the density or packing within the core
of the nanoparticles. From Fig. 8, it can be seen that for the
nanoparticles synthesised with C-Leu forming monomer Rg/Rh
is closer to 1, particularly when S-Phe is used. While no expli-
cit hollow sphere morphologies are evident from TEM, this
might support the proposed less dense core morphology as
opposed to the C-Phe core variants. This aids in the hypothesis
that the additional π–π stacking within the aromatic core pro-
vides additional forces leading to a denser core structure.

Conclusions

We have demonstrated the synthesis of polypeptide nano-
particles by a miniemulsion polymerisation using two
different glycosylated block co-polypeptides surfactants. In
this process stable aqueous dispersions of hydrophobic poly-
peptide nanoparticles were obtained. Depending on structural
compatibility between the hydrophobic surfactant segment
and the core polypeptide, nanoparticles afforded different
sizes, which highlights the importance of molecular level
interactions at the surfactant/core interphase in this process.
We believe this fundamental understanding of polypeptide
nanoparticle synthesis by emulsion polymerisation will guide
the design of polypeptide nanoparticle libraries utilizing many
different amino acids which can have wide applications par-
ticularly biological due to their innate biocompatibility and
degradability.

Experimental section
Materials

Unless otherwise noted, all reagents and chemicals were used
as received without further purification. All amino acids and
trifluroacetic acid were purchased from Fluorochem.
Triethylamine and all solvents were purchased from Sigma
Aldrich and HBr/Acetic Acid solution and Allyamine were pur-
chased from Alfa Aesar. ε-Benzyloxycarbonyl-L-lysine (ZLLys),
L-Phenylalanine (Phe) and L-Leucine (Leu) NCA was syn-
thesized following literature procedures.45–47

Experimental

Surfactant synthesis
P(Z-L-lysine-b-L-phenylalanine) (P(Z-L-Lys)-b-P(L-Phe)). Z-L-

Lysine NCA (ZLL NCA) (9 g, 29.38 mmol) was dissolved in DMF
(55 mL) and placed under vacuum at 0 °C. Allylamine (44 µL,
0.58 mmol) was dissolved in DMF (1 mL) and added in one
injection. The reaction proceeded for 5 days under vacuum at
0 °C. L-Phenylalanine NCA (L-Phe NCA) (1.12 g, 5.88 mmol) was

dissolved in DMF (4 mL) and added to the solution, the reac-
tion proceeded overnight. The reaction was precipitated into
diethyl ether (3 × 500 mL) and then dried under vacuum over-
night. 1H NMR (400 MHz, d-TFA, δ) 7.31 (m), 5.71 (s), 5.19 (d),
4.77 (s), 4.58 (d), 3.21 (s), 2.96 (s), 2.06–1.15 (m). GPC ĐM –

1.15, Mw −16 800 g mol−1.
P(Z-L-lysine-b-L-leucine) (P(Z-L-Lys)-b-P(L-Leu)). The same pro-

cedure as previously described was used, substituting L-leucine
for L-phenylalanine. 1H NMR (400 MHz, d-TFA, δ) 7.22 (m),
5.66 (s), 5.28 (d), 4.56 (d), 4.46 (s), 3.12 (s), 1.92–1.27(m), 1.16
(s), 0.83 (d). GPC ĐM – 1.07, Mw −11 900 g mol−1.

Deprotection of Z-lysine. The polypeptide (4 g, 0.32 mmol
with respect to lysine repeat units) was dissolved in TFA
(16 mL). HBr solution (33% in acetic acid, 3-fold excess with
respect to ZLL units) was added to the solution dropwise
whilst stirring in an ice bath. The reaction was left to proceed
overnight and then precipitated into diethyl ether (2 × 250 mL)
and then dialysed (3.5k Mw cut off ) against DDI water for 3
days before being lyophilised.

P(L-Lys)-b-P(L-Phe) – 1H NMR (400 MHz, D2O, δ) 4.20 (m),
2.89 (m), 1.83–1.44 (m), 1.44–1.13 (m).

P(L-Lys)-b-P(L-Leu) – 1H NMR (400 MHz, D2O, δ) 4.30 (m),
2.99 (m), 1.75–1.43 (m) 0.92–0.86 (m).

EDC/Sulfo-NHS coupling of lactobionic acid (LBA). Lactobionic
acid (1.15 g, 3.23 mmol, 15-fold excess with respect to lysine
repeat units), 1-Ethyl-3-[3-dimethylaminopropyl]-carbodiimide
hydrochloride (EDC) (618.2 mg, 3.23 mmol) and
N-hydroxysulfosuccinimide (Sulfo-NHS) (70 mg, 0.32 mmol)
were dissolved in MES buffer (7.2 mL, 10 mM, pH 4.7) and
stirred for 20 minutes. This was then added to a solution of
polypeptide (1.8 g, 0.22 mmol) in DDI water (14 mL). The reac-
tion was stirred overnight and then purified by dialysis (3.5k
Mw cut off ) for 3 days and lyophilised.

P((L-Lys)-r-(L-Lys-LBA))-b-P(L-Phe) – 1H NMR (400 MHz, D2O,
δ) 4.54 (d), 4.29 (m),4.15 (s), 4.08 (s), 3.99–3.64 (m), 3.56–3.52
(m), 2.99 (m), 1.70–1.43 (m).

P((L-Lys)-r-(L-Lys-LBA))-b-P(L-Leu) – 1H NMR (400 MHz, D2O,
δ) 4.53 (d), 4.27 (m), 4.15 (s), 4.07 (s), 3.98–3.62 (m), 3.55–3.51
(m), 2.98 (m), 1.74–1.42 (m), 0.92–0.86 (m).

Mini-emulsion polymerisation. The surfactant (80 mg), was
dissolved in DDI water (10 mL) and solution cooled in an ice
bath for 10 minutes whilst stirring. NCA (70 mg) was dissolved
in DCM (2 mL) and added to the aqueous solution dropwise
while the reaction mixture was sonicated with Hielscher
Ultrasonic Processor UP200 St(P = 13 W, c = 100, A = 70%) for
15 min. Triethylamine (7 µL) was added and the system
allowed to stir (400 rpm) for 24 hours at room temperature.
The resulting particle dispersion was dialysed (3.5k Mw cut off )
against DDI for 3 days.
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