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ABSTRACT: Peptide nanospheres with PEG brushes were prepared by the one-step polymerization of
L-phenylalanine (PhaY-carboxyanhydride with the dual initiators of hydrophobibutylamine and hydrophilic
NH,-monoterminated PEG (NHPEG). We successfully prepared peptide nanospheres wig®@H COOH

groups using CkD- or COOH-terminated PEG as one of the initiators. The high-density PEG brush conformation

of the peptide nanospheres was confirmed'dyNMR measurements. FT-IR measurements suggested closely
packed Phe polymer chains in the core ifi-strand conformation. The results of protein adsorption experiments
onto both nanosphere surfaces indicated that PEG-brush corona layers inhibited nonspecific protein adsorption,
even in Eagle’s medium (10% FBS). Furthermore, target proteins were covalently immobilized onto the surface
of the COOH-PEG peptide nanospheres by amide bond formation. Peptide nanospheres with PEG brushes may
be useful as novel nanospheres possessing both stealth properties and chemical functionality for drug delivery
systems and biological diagnosis.

Introduction modification of their surface with target molecules are very
Nanospheres have been widely studied since they are promistSeful for biomedical applications.

ing carriers for drugs, genes, proteins, and antigehg/e have Recently, we reported a novel method for the preparation of

vigorously studied various self-assembling syntifétiand surface-grafted peptide nanospheres consisting of hydrophobic

biodegradabf®-12 nanospheres and hollow capsiféd for poly(phenylalanine) (PPhe) with hydrophilic poly(ethylene
biomedical applications such as a drug delivery system (DDS) glycol) (PEG) graft$2 The peptide nanospheres were success-
and diagnosis. For the successful targeted delivery of drugs orfully synthesized by the one-step polymerization_gshenyl-
proteins using nanospheres, it is necessary that the nanosphereganineN-carboxyanhydride (Phe-NCA) with the dual initiators
have bioinert surfaces, which can inhibit the nonspecific of hydrophobicn-butylamine and hydrophilic NiHmonotermi-
adsorption of serum proteins and hemocytes in order to maintainnated PEG (NRPEG), exploiting the self-assembling process
their stable circulation and property in the blood without being with hydrophobic interactions of the Phe segments (Scheme 1).
scavenged nonselectively> Recently, the development of  These nanospheres with a biodegradable solid core are expected
bioinert surfaces, the preparation of polymer brushes on the to possess the special advantage of stability without dissociation
surface of solid substrates, has attracted much attefftiéh.  after dilution in body fluids, unlike a polymer micelle consisting
Some researchers reported cesbell type nanospheres coated  of amphiphilic block copolyme? These peptide nanospheres
with polymer brushes, which were synthesized by multistep have a diameter 6£300 nm, suggesting the favorable covalent
preparations such as an atom transfer radical polymerizationjimmobilization of a wide range of target macromolecules from
(ATRP) initiated from the surface of silica seed particles ga few nanometers to several tens of nanometers in size such as
modified with initiators'®>* However, this method has a peptides, proteins, and antigens. In addition, in our method,
limitation in the biomedical field because ATRP can prepare yarious combinations of monomers and initiators will enable

only nanospheres composed of vinyl polymers without biocom- the preparation of a variety of peptide nanospheres with different
patibility or biodegradability. Furthermore, the degradability of g,rfaces and core structures.

the component polymers to innoxious monomers should enable
excretion through the kidneys due to the polymer size and their
hydrophilicity 1® As far as we know, there have been no reports
of nanospheres composed of biodegradable solid cores with
biocompatible polymer brushes. On the other hand, the chemical
functionality of the nanospheres is also significant to immobilize
target drugs or proteins onto their surface for target disease
specificity. Thus, biodegradable nanospheres possessing bio
compatible polymer brushes and the capability for chemical

In the present study, we investigated the PEG chain densities
on the surface of peptide nanospherestHyNMR measure-
ments. The PEG densities were approximately 628 chains/
nn?, depending on the molecular weight of the PEG initiators
(My = 2000-4500), indicating a high-density regime of PEG
brushes. Such high-density polymer brushes have been suc-
cessfully prepared only by surface-initiated living radical
polymerization. Interestingly, peptide nanospheres with high-
density PEG brushes were generated successfully by the one-

* To whom correspondence should be addressed:+8&+6-6879-7356; step polymerization of NCA initiated by dual initiators. FT-IR
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§ Current affiliation: School of Materials Science, Japan Advanced h ifi . d . letel
Institute of Science and Technology, 1-1 Asahidai, Nomi, Ishikawa 923- Furthermore, nonspecific protein adsorption was completely
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Scheme 1. (a) Synthesis of Peptide Nanospheres Composed of Hydrophobic Poly(phenylalanine) with Hydrophilic Poly(ethylene glycol)
Grafts; (b) Schematic lllustration of the Self-Assembling Mechanism of the Peptide Nanospher&s
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Peptide Nanosphere Preparation.The preparation of repre-

group of the PEG corona layers and the amino group of proteins sentative peptide nanospheres using#EG-OCH as an initiator
enabled the immobilization of the target proteins. Thus, these (Table 1, run 4) was performed as follo#sBriefly, 310 zmol of

biodegradable peptide nanospheres that can avoid nonspecifi
d pep ’ P | under a nitrogen atmosphere andi2fol of NH,-PEG-OCH (M,

protein adsorption (their stealth properties) plus chemica
functionality can be useful as a novel drug carrier for DDS and
biological diagnosis.

Experimental Section

Materials. L-Phenylalanine (Phe), tetrahydrofuran (THR},
hexane, dimethyl sulfoxide (DMSO), and 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (WSC) were purchased from

Wako Pure Chemical Industries (Japan) and were used without

further purification unless otherwise noted. THF amldexane were
distilled over sodium before use. DMSO was distilled over calcium

he-NCA was dissolved in 150 of DMSO at room temperature

= 2000) andn-butylamine (BA) as initiators were dissolved in
water/DMSO (4 mL/850uL) at 0 °C. The DMSO solution
containing Phe-NCA was gently dropped into the water/DMSO
containing NH-PEG-OCH and BA, and then the reaction mixture
was stirred at 0°C for 24 h. After the reaction, the obtained
nanospheres were purified by dialysis (Spectra/Pore membrane,
50 000 molecular weight cutoff) in distilled water for 3 days. The
particles were then centrifuged and redispersed in water.
Preparation of Surface-Functional Peptide Nanospheres.
Surface functional peptide nanospheres were prepared usigg NH
PEG-COOH as an initiator (Table 1, run 16) as follows 260l

hydride before use. Triphosgene was purchased from Tokyo of NH-PEG-COOH i, = 2000) and BA as initiators was

Chemical Industry Corp. (Japan) and used as receivBdtylamine

dissolved in water. The pH of the initiator solution was adjusted to

was purchased from Kishida Chemical Corp. (Japan) and used10.7 with 1 N NaOH, and then 850L of DMSO was added into

without purification. a-Aminopropylw-methoxypolyoxyethylene

(NH,-PEG-OCH; M,, is 2000, 5000, 12 000, and 20 000) and
o-aminopropyle-carboxypentyloxy, polyoxyethylene, hydrochlo-
ride (HCFNH,-PEG-COOH;M,, is 2000, 3400, and 4500) were

the solution. Phe-NCA (31@mol) in 150uL of DMSO was gently
dropped into the water/DMSO containing both initiators, and then
the reaction solution was stirred atQ for 24 h. The nanospheres
were purified by dialysis (Spectra/Pore membrane, 50 000 molecular

purchased from NOF Corp. (Japan), and used as received. Bovineweight cutoff) in distilled water for 3 days, and the obtained particles

serum albumin (BSA), ovalbumin (OVA), lysozyme, and cyto-
chromec were purchased from Sigma (St. Louis, MO).

Synthesis of Phe-NCA.Phe-NCA was prepared according to
the previously reported methdt2>Phe-NCA was synthesized by
the reaction of -phenylalanine (60.6 mmol) with triphosgene (20.2
mmol) in THF (200 mL) fo 4 h at 45°C and purified by subsequent
reprecipitation inn-hexane. The yield was 77%.

were centrifuged and redispersed in water.

Measurements.'H NMR spectra of the peptide nanospheres
were measured with a JNM-GSX-400 spectrometer (400 MHz;
JEOL, Japan) using a chlorofordftrifluoroacetic acid (TFAM
mixed solvent (chlorofornt/ TFA-d = 4/1 v/v) for the composition
analysis of the peptide nanospheres an® Dor estimating the
PEG chain densities on the nanosphere surface. Attenuated total
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Table 1. Synthesis and Characterization of the PEG Brush Peptide Nanospheres

initiators

run Phe-NCA PEQ® BA® feed ratio solvent drd Cve  yield sphere
no. (mmol/L) PE@ struct (M) (mmol/L) (mmol/L) (NCAPEG:BA)  (water:DMSO)  (nm) (%) (%) formation
1 63 PEG-OCH(2K) 0 5.3 12:0:1 80:20 69 X
2 63 PEG-OCH(2K) 2.7 5.3 12:0.5:1 80:20 75 X
3 63 PEG-OCH(2K) 5.3 11 12:1:2 80:20 39 X
4 63 PEG-OCH(2K) 5.3 5.3 12:1:1 80:20 430 26 40 O
5 63 PEG-OCH(2K) 11 5.3 12:2:1 80:20 26 X
6 63 PEG-OCH(2K) 5.3 2.7 12:1:0.5 80:20 190 20 64 A
7 63 PEG-OCH(2K) 5.3 0 12:1:0 80:20 X
8 63 PEG-OCH(2K) 5.3 5.3 12:1:1 95:5 250 26 41 @)
9 63 PEG-OCH(2K) 5.3 5.3 12:1:1 90:10 310 28 33 @)
10 63 PEG-OCHI(2K) 5.3 5.3 12:1:1 80:20 430 26 40 O
11 63 PEG-OCH|(2K) 5.3 5.3 12:1:1 60:40 38 X
12 63 PEG-OCH|(2K) 5.3 5.3 12:1:1 20:80 52 X
13 63 PEG-OCHI(5K) 2.1 21 30:1:1 80:20 350 28 51 O
14 63 PEG-OCHI(12K) 0.88 0.88 72:1:1 80:20 350 29 66 O
15 63 PEG-OCH|(20K) 0.53 0.53 120:1:1 80:20 380 25 50 @)
16 63 PEG-COOH (2K) 5.3 5.3 12:1:1 80:20 380 25 67 @)
17 63 PEG-COOH (3.4K) 3.1 31 20:1:1 80:20 340 30 33 O
18 63 PEG-COOH (4.5K) 2.4 24 26:1:1 80:20 210 29 22 O

aReaction time was 24 h, and temperature wa€0The data of runs43, 5-9, 11, and 12 were the same condition in ref 2PEG is poly(ethylene
glycol) monoterminated with amino groupsBA is n-butylamine.d Mean diameter was measured by dynamic laser scattering (BICS).is SDk; coefficient
of variation.

reflection (ATR) infrared spectra of the nanospheres were obtainedthe protein adsorption process were added to 2.5 N HCI afC00
with a Spectrum One FT-IR spectrometer (Perkin-Elmer). The for 2 h to hydrolyze the amide bond of the protein. The reaction
interferograms were coadded 16 times and Fourier-transformed atsolution was neutralized with NaOH and filtered through a 0.22
a resolution of 4 cmt. Scanning electron microscope (SEM) images um filter, and 0.5% (w/v) ninhydrin, 0.075% (w/v) hydrindantin,
were obtained with a JSM-6700F (JEOL, Japan). The particle size 20% (v/v) 2-methoxyethanol, and 0.25 M sodium acetate (pH 5.5)
distribution and; potential of the peptide nanospheres in aqueous were added to the solution. The absorbance at 570 nm was measured
solution were measured by a dynamic light scattering (DLS) method with a microplate reader. Using a calibration curve for a reference
using a Zetasizer Nano ZS (Malvern Instruments, UK). Electron protein, the amount of immobilized proteins per?omas estimated.
spectroscopy for chemical analysis (ESCA) was performed with a  Chemical Immobilization of Proteins. The peptide nanospheres
ESCA 1000 (Shimadzu, Japan) employing Mg Kadiation (1253.6  were dispersed in phosphate buffer (PB, pH 5.8) at 10 mg/mL and
eV) and a pass energy of 31.5 eV. X-ray diffraction (XRD) patterns mixed with an equivalent volume of 2 mg/mL WSC solution in
were taken with a Geigerflex RAD-II B (Rigaku, Japan) emitting pPB (pH 5.8). The mixture was incubated at@ for 20 min. Then,
Ni-filtered Cu Ko radiation (30 kV, 15 mA) at scanning angles  the nanospheres were isolated by centrifugation and redispersed in
ranging from 38 to 5° at a scanning rate of*2min~". PBS at 10 mg/mL. This dispersion solution was mixed with an
Structural Analyses of Peptide Nanospheres!H NMR equivalent volume of 4 mg/mL of protein solution in PBS (pH 7.4)
Measurements of the Peptide NanospheresVe estimated the  and incubated at 4C for 24 h. The nanospheres were then isolated
number of PEG chains on the surface of the peptide nanospheregy centrifugation, washed twice with PBS, and redispersed at 5
from the PEG methylene peak at 3.3.7 ppm vs the methyl proton  mg/mL. The amount of immobilized proteins was subsequently

peak of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as determined by the above-mentioned ninhydrin method.
an internal standard at 0 ppm.

FT-IR Measurement of the Peptide Nanospheres310 xmol Results and Discussion
of Phe-NCA was dissolved in 15aQL of DMSO-ds at room
temperature, and 26mol of NH,-PEG-OCH (M,, = 2000) and Preparation of the Peptide NanospheresAs shown in the
n-butylamine (BA) as initiators was dissolved in@'DMSO-ds previous papef? the peptide nanospheres were synthesized by

(8 mL/1.85 mL) at 0°C. The DMSO containing Phe-NCA was  the polymerization of-phenylalaniné\-carboxyanhydride (Phe-
gently dropped into the water/DMSO containing both initiators, and NCA) with the dual initiators of hydrophobis-butylamine and
then the reaction mixture was stirred ét®for 24 h. The secondary hydrophilic NH-monoterminated PEG (N+PEG). In this dual
structure of the core in the peptide nanospheres related to theinitiators method, the peptide nanospheres are formed by self-

polymerization time was analyzed by their FT-IR spectra. During o . . .
the polymerization process, the nanospheres were collected aﬁerorganlzatlon of the two growing polymers: hydrophobic Phe

prescribed times (0.5, 1, 2, 8, and 24 h) by centrifugation, and their N0Mopolymers and amphiphilic p(Pbe=G) copolymer via
FT-IR spectra were measured without a drying process. hydrophobic interactions of the Phe segments. We anticipated
Physical Adsorption or Chemical Immobilization of Proteins that the composition ratios of the obtained polymers, PPhe and
onto the Peptide Nanospheres. Physical Adsorption of Proteins.  p(Pheb-EG), would strongly influence the nanospheres forma-
The peptide nanospheres were dispersed in phosphate bufferedion behavior, and thus we evaluated the effects of the initiators
saline (PBS, pH 7.4) at 10 mg/mL and incubated with an equivalent during nanosphere formation. Phe-NCA was polymerized with
volume of 4 mg/mL protein solutions (PBS, pH 7.4) &G for 24 various feed ratios of NHPEG-OCH and BA in DMSO/water
h. The nanospheres were isolated by centrifugation and washed(1/4 vyv) at 0°C for 24 h (Table 1, runs47). In all cases,
twice W'kfh PBS. Thedamount OJ al;jsorrt])ed Pr%teé”.s on thﬁ %ept;de suspensions were obtained after the polymerization, and thus
nanospheres was determined by the ninhydrin method ‘after o " oqction solutions were substituted with ultrapure water

hydrolyzing the adsorbed proteins with 2.5 N HCI at Z@for 2 : . .
h. The peptide nanospheres were stable under these hydrolysi hrough the dialysis process. The morphology and diameter of

conditions. The original peptide nanospheres without the protein the obtained samples were analyzed by SEM observations and
adsorption process were used as a control, and calibration curvePLS measurements, respectively. When the feed molar ratio
were prepared from each protein at various concentrations. Theof NCA:PEG:BA was 12:1:1 (Table 1, run 4), spheres with a
ninhydrin test was performed as follows. Briefly, nanospheres after diameter of about 430 nm were formed (Figure 1a). However,
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Figure 1. Scanning electron microscopic (SEM) images of nanospheres composed of hydrophobic poly(phenylalanine) with hydrophilic poly-
(ethylene glycol) grafts. (a) and (b) were prepared with,NMHEG-OCH (2K) as one of the initiators. (a) The feed ratio of NCA:PEG:BA was
12:1:1 (Table 1, run 4), and (b) the feed ratio of NCA:PEG:BA was 12:2:1 (Table 1, run 3). (c) was prepared wRESHOCH (20K), and the

feed ratio of NCA:PEG:BA was 120:1:1 (Table 1, run 15). (d) was prepared withiEG-COOH (2K), and the feed ratio of NCA:PEG:BA was
12:1:1 (Table 1, run 16).

nanosphere formation was not observed in the other cases. When In our previous study, we reported thdd NMR measure-
the PEG/BA ratio was smaller than 1.0 (Table 1, rurs3}, ments showed the localization of PEG chains on the nanosphere
only aggregates were observed, as shown in Figure 1b. Wesurfaceg? We anticipated the ability to control the surface
speculated that these phenomena were caused by an inabilitystructures on the nanospheres, such as the length of the graft
of the hydrophilic PEG chains to stabilize the hydrophobic core chains and the presence or absence of functional groups, by
composed of PPhe and Phe segments of ptPE&). However, altering the structure of the PEG macroinitiator. We performed
when the PEG/BA ratio was larger than 1.0 (Table 1, rung) the synthesis of peptide nanospheres using PEG macroinitiators
the SEM observations also did not show any nanosphere of different molecular weights such as 5000, 12 000, and 20 000.
formation, but the DLS histogram indicated a single peak (run The polymerization conditions and characterization of the
6), indicating nanosphere formation. The discrepancy betweenobtained peptide nanospheres are listed in Table 1, ruas 13
the SEM observations and the DLS measurements were likely 15. In all cases, nanosphere formation was confirmed by SEM
due to inadequate hydrophobicity of the core during the drying observations and DLS measurements (Figure 1c). The yields
process for SEM measurements. Therefore, we concluded thaivere 56-66%, and the sizes of the nanospheres were-350
the composition ratios of PPhe and p(RREG) strongly 380 nm. We also attempted to synthesize peptide nanospheres
affected nanosphere formation and stability. The hydrophilic  with carboxylic groups on the surface by using HOOC-PEG-
hydrophobic balance between the hydrophobic core and theNH, with different molecular weights as an initiator (Table 1,
hydrophilic corona layer is significant, and the in feed molar runs 16-18). Since HOOC-PEG-NHwas a zwitterion in
ratio of Phe-NCA and initiators is important for the nanosphere aqueous solution, the pH was adjusted to 10.7 using 1.0 N NaOH
formation. When the Phe-NCA was polymerized at the condition in order to deprotonate the PEG terminal amind&,(@ 10.4).
of NCA:PEG:BA= 12:0.5:0.5, the peptide nanospheres with a The size of the obtained nanospheres was-B8D nm (Figure
diameter of about 290 nm were observed, although the nano-1d) and decreased upon increasing the molecular weight of the
sphere formation was not observed at the condition of NCA: PEG macroinitiators. To confirm the anionic charge assigned
PEG:BA= 12:0.24:0.24. These results suggest that the appro-to the carboxyl group on the surface of the nanosphere, the
priate molar ratio of NCA:PEG:BA is 12:0:51.0:0.5-1.0. ¢-potential of the peptide nanospheres was measured in 0.001
We then evaluated the solvent effect for nanosphere forma- M KCl solution at 25°C. The{ potential of the nanospheres of
tion. Phe-NCA was polymerized in a DMSO/water mixed runs 16, 17, and 18 from Table 1 wete34, —19, and—17
solvent of various compositions: water content of 95, 90, 80, mV, respectively, clearly indicating the presence of anionic
60, and 20 vol %, at OC for 24 h. In the water composition  charges on the surface of the nanospheres. The molecular weight
range from 80 to 95 vol %, the nanospheres were successfullyof the two components, the Phe homopolymer and p(Rhe-
formed (Table 1, runs -810). The sizes of the obtained EG), was estimated &, = 6060 (DP= 41) and 17 590 (DP
nanospheres were 25@30 nm, and the CV values were 26 = 106), respectively, in our previous report using gel permeation
28%. On the other hand, in the water composition range from chromatography (GPC) measuremeftddowever, detailed
20 to 60 vol %, SEM observations and DLS measurements studies on thelH NMR and MALDI-TOF mass of the
showed only aggregations (Table 1, runs 11 and 12). Thesecomponent polymers resulted inMy, = 2000 (DP= 13) for
results suggested instability of the core due to weak hydrophobicthe Phe homopolymer ard,, = 3000 (DP= 7.4) for p(Phe-
interactions in the DMSO-rich aqueous solution. b-EG) in the peptide nanospheres (Table 1, run 4). A detailed
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Q 18), per the unit mass from the intensity of the PEG methylene

peak in the region of 3:53.7 ppm as compared with the methyl

v proton peak of DSS at O ppm. The size (as determined by DLS

measurements) and density (assumed to be 1.05pafmthe

nanospheres, the number of PEG chains on a single peptide

nanosphereN(PEG)urtacd, the area occupied by a single PEG

molecule Apeg), and the average distance between PEG

_ molecules Dpeg) were calculated. The results are summarized

v _ in Table 2. Here, the radius of gyration of PERy( with My,

v = 2000, 3400, and 4500 based on random coil models was

calculated as 1.6, 2.1, and 2.6 nm by the following equdfon.

- C-0

v

NS-2k-OCH,

0.58
NS-12k-OCH, Ry = 0.18N"(nm)
: The average distances between PEG chains on the surface of
v ; the peptide nanospheres were calculated to be at least 3.2, 4.2,
and 5.2 nm on the basis of the assumption of a mushroom
conformation of PEG molecules. On the other hand,Dhes
of NS-2K-OCH;, NS-2K-COOH, NS-3.4K-COOH, and NS-
4.5K-COOH estimated from théH NMR measurement had
lower values, 0.75, 0.74, 1.1, and 2.2 nm, respectively, sug-
gesting a brush conformation for the PEG chains on the surface
of the peptide nanospheres. The PEG densitigsg were

280 285C291°5295 300 520 5250531°s"’35 540 estimated to be 1.8 (NS-2K-OGH 1.8 (NS-2K-COOH), 0.91
(NS-3.4K-COOH), and 0.21 (NS-4.5K-COOH) chainsfrfrom
Binding energy (eV) the N(PEG)urrace and surface area. These graft densities cor-
Figure 2. ESCA spectra in the region of the carbon and oxygen responded to a high density regime rather than a moderate
elements of peptide nanospheres of NS-2K-QCFble 1, run 4), NS- density regime, whose typical density was reported as 6-:001
12K-OCH; (Table 1, run 14), and NS-2K-COOH (Table 1, run 16). 0.05 chains/nim®17 It was believed that particles with high-
density polymer brushes can be generated only by surface-
discussion of the molecular weight is shown in the Supporting initiated living radical polymerization involving multiple
Information. stepst®—21 To the best of our knowledge, this is the first example
Structural Analyses of the Peptide NanospheresWe of a biodegradable peptide nanosphere with high-density
investigated the structures of the peptide nanospheres by ESCApolymer brushes.
IH NMR, FT-IR, and XRD measurements. ESCA analysisisa To clarify the mechanism responsible for the high-density
powerful method to confirm the chemical bonds on the PEG chains on the peptide nanospheres, we investigated the
nanosphere surface atl0 nm of measurement depth. Figure 2 secondary structure of the peptide nanosphere by FT-IR
shows the ESCA spectra of three representative peptide nanomeasurements in @ (Figure 3). The FT-IR spectrum of the
spheres synthesized with various initiators: NS-2K-QQWH.- peptide nanosphere shows peaks at 1280, 963, 844, and 828
PEG-OCH with My, = 2000; Table 1, run 4), NS-12K-OGH  cm! assigned to typical crystalline PE&;3t indicating partial
(NH-PEG-OCH with M,, = 12 000; Table 1, run 14), and NS-  crystallinity of the PEG chain on the peptide nanospheres. In
2K-COOH (NH,-PEG-COOH withM,, = 2000; Table 1, run addition, the peaks of amide | at 1694 and 1630 tand the
16). An assignment of the ESCA spectra was referred to peaks of amide Il at 15441544 cn1! suggested #-strand
Huang's repor® A distinct O 1s peak at around 532.8 eV  conformation of PPhe and p(Phe=G) in the peptide nano-
assigned to the ether oxygen of the PEG segmentsaad 1s spheres on the basis of Hilderson’s regditWe pursued the
peak at around 286.5 eV assigned to the ether carbon of thesecondary structure of the peptide nanospheres during the
PEG segments or the-carbon of the Phe units, were observed polymerization process. Polymerization was performedJ0/D
in all nanospheres. Howevea O 1speak at around 531.3 eV DMSO-ds mixed solvents instead of /DMSO in order to
assigned to the amide oxygen of the Phe units and C 1s peaksavoid overlap between the,8 and amide | peaks. Figure 4a
at around 285.0 and 288.0 eV assigned to the aliphatic, aromatic shows the FT-IR spectra of nanospheres prepared for various
and amide carbons of the Phe units were barely observed. Theseeaction times: 0.5, 1, 2, 8, and 24 h. Hilderson et al. reported
results suggest that PEG chains accumulated on the surface othat amide 'l peaks at 16531658, 1646-1642, and 1622
the peptide nanospheres, indicating a eaerona structure 1633 cntt in D,O could be assigned to unorderadhelix,
composed of a hydrophobic core, mainly PPhe segments, andand 5-strand conformations, respectivéf/The composition
a hydrophilic corona layer, mainly PEG chains. In the case of ratio of each conformation was estimated by peak fitting
NS-12K-OCH, the peak intensity of the C 1s peak at 288.0 software (GRAMS/AI ver.7, Thermo Galactic). Figure 4b shows
eV assigned to the amide carbon of the Phe segments was lowethe relationship between the composition percentage of each
than that of NS-2K-OCHl suggesting a thicker corona layer conformation and the reaction time. Thestrand conformation
for NS-12K-OCH; depending on the higher molecular weight was slightly decreased in the initial stage of polymerization and

NS-2k-COOH ¥

of the PEG macroinitiator. saturated at 75% after 2 h. Both unordered amdhelix
The number of PEG chains on a single peptide nanosphereconformations were saturatedail5% afte 2 h of polymeri-
was determined byH NMR measurements in 027 We zation. It is known that a phenylalanine homopolymer with more

estimated the number of PEG chains on the surface of thethan 12 repeating units easily transforms frofi-form to an
peptide nanospheres, NS-2K-Og¢MIS-2K-COOH, NS-3.4K- a-helix conformation during polymerizatioi.However, con-
COOH (Table 1, run 17), and NS-4.5K-COOH (Table 1, run formational transition fronf-form to a-helix of the PPhe and
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Table 2. Structure of the Peptide Nanospheres

NS-2K-OCH; NS-2K-COOH NS-3.4K-COOH NS-4.5K-COOH
size (nm) 430 380 340 210
N(PEG Jurtacd 1.0x 106 0.83x 10P 0.32x 108 0.29x 108
Apga (NMAP 0.56 0.55 1.1 48
Dpes (nmY 0.75 0.74 1.1 2.2
Dpec /2R 0.23 0.23 0.26 0.42
opec (chains/nr)e 1.8 1.8 0.91 0.21

aN(PEG)urfacemeans the number of PEG chain on a single peptide nanosphere sNRES Jracewas estimated byH NMR spectrum in RO using
DSS as referencé.Apec means the occupied area by 1 PEG molecule. Surface area of peptide nanospheres was dN(BEG By ace © Dpec means the

average distance between PEG chains on the surface, square g0t Ry means the radius of gyration of PEGupec means the surface density of
PEG.
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Figure 3. FT-IR spectra of the peptide nanospheres WODThe )

triangles represent the peaks assigned to PEG crystals (a). The solid 1,700 1,600 1,500 1,400
and open arrows represent the peaks assigned to fBtrands and A
PPhe antiparallel (agj-strands, respectively (b). Wavenumber (cm’)

Phe segment of p(PH2EG) in these peptide nanospheres was
barely observed.

To investigate the crystal structures of the peptide nanosphere
components, we performed wide-angle X-ray diffraction (WAXD) 100
measurements. Figure 5 shows WAXD diagrams of the-NH
PEG-COOH initiator g, = 2000), poly(phenylalanine) syn-
thesized with a solitarp-butylamine (Table 1, run 1), and the
peptide nanosphere (Table 1, run 16; NS-2K-COOH). All

—
O
N

80

t
|

samples were measured in powder conditions. NS-2K-COOH 60
showed a distinct peak, indicating that this component of the
peptide nanosphere formed a crystalline structure at the mo- 40

lecular level. A strong diffraction appeared d 2 18.7 (ds)
for PPhe and NS-2K-COOH#(= diffraction angle), corre-

sponding to a spacing of 0.47 nm, suggesting a hydrogen-bond 20 O
distance in ap-sheet crystalline structure as described in ?F:*n‘o
Pochan’s repor Diffraction peaks at @ = 7.1° (dy), 14.6 0 . . . .

(dy), and 22.0 (ds) for NS-2K-COOH corresponded to spacing 0 5 10 15 20 25
of 1.24, 0.61, and 0.40 nm, respectively. These reflections seem Reaction time (h)
to describe a relationships df:d,:ds = d;:d1/2:d1/3, indicating _ _ _
a layered structure with a thickness of 1.24 nm because of theFigure 4. (a) FT-IR spectra of peptide nanospheres obtained after
intersheet stacking periodici®.Furthermore, the diffractions various reaction times (0.5, 1, 2, 8, and 24 h). The relationship between

the composition percentage of each conformation and the reaction time
at 2 = 19.2 (ds) and 23.0 (dg) for NH,-PEG-COOH and NS- (b, The circles, triangles, and open squares indicate ottelix,

2K-COOH were assigned to PEG crystéisThe crystalline B-strand, and unordered conformations, respectively.

Composition percent (%)
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NH,-PEG-COOH
S st

Intensity (a.u.)

26 (deg)

Figure 5. Wide-angle X-ray diffraction (WAXD) diagrams of NH
PEG-COOH M, = 2000), poly(phenylalanine) synthesized with a
solitary n-butylamine (Table 1, run 1), and the peptide nanospheres of
NS-2K-COOH (Table 1, run 16).

Table 3. Proteins Used in This Study

protein My (kDay pl hxwx | (nmp
OVA 45 4.6 7.0x 25%x 2.5
BSA 69 4.8 14x 4.0x 4.0
lysozyme 14 111 4% 3.0x 3.0
cytochromec 13 10.2 3.7x25x%x 25

aMoleculear weight of the protein8 Approximate moleculare dimension
of the proteins.

Table 4. Protein Adsorption on the Surface of Peptide Nanospheres

NS-2K-OCH; NS-2K-COOH
protein protein
adsorption  coverage adsorption coverage
protein (ng/cn®) (%)2 (ng/cn®) (%)2
OVA 50 4 n.d°
BSA 110 15 n.c
lysozyme n.d n.db
cytochromec n.db n.db

aSurface coverage of the proteins was estimated from molecular
dimension of each protein described in Tablé 8.d. = not detected.

structures of the3-sheet and PEG also supported the FT-IR
spectra.
From the results of the FT-IR and WAXD measurements,
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Covalent Immobilization
of Target Protein

Target \

Molecules

Stealth Property against
Nonspecific Adsorption

Q

Protein

Biodegradable Core (PPhe and
PPhe segment of p(Phe-b-EG))

Figure 6. Schematic illustration of the stealth properties against
nonspecific protein adsorption and the covalent immobilization of target
proteins on the peptide nanospheres with carboxyl groups.

(coverage= 15%), respectively, and adsorption of lysozyme
and cytochrome onto NS-2K-OCH were not observed. On
the other hand, in the case of NS-2K-COOH, the nonspecific
adsorption of these proteins was not observed. It is noted that
adsorption of cytochrome and lysozyme, having positive
charge under the incubation conditions, onto both peptide
nanospheres was not observed, even though NS-2K-COOH has
a negative charge under the same conditions. Furthermore, for
actual applications, the protein adsorption test was performed
in Eagle’s medium containing 10% fetal bovine serum a€4

for 24 h. The amount of nonspecific adsorbed serum proteins
for NS-2K-COOH was estimated at only 24 ngf(aoverage

= 3%) using a calibration curve for BSA. We evaluated the
hemolytic activity of the peptide nanospheres (Table 1, run 17)
using red blood cells (RBCs) under various pH conditions at
37°C for 1 h. No hemolysis was observed at any pH (Supporting

the high-density PEG chains of these peptide nanospheres seertnformation). These results indicated the stealth properties of

to be caused by thg-sheet crystalline structure of the PPhe
and Phe segments of p(Pbe&eG).

Physical Adsorption or Chemical Immobilization of Pro-
teins onto the Peptide Nanospheresto evaluate the stealth

the peptide nanospheres were caused by the high-density PEG
brushes. We performed the covalent immobilization of OVA
as a model protein onto NS-2K-COOH via amide bond
formation with a condensation reagent, WSC. The amount of

properties against nonspecific protein adsorption onto the peptide;,mobilized OVA for NS-2K-COOH through covalent bonding

nanospheres, we performed protein adsorption experiments Usingyotveen the carboxyl

NS-2K-OCH; and NS-2K-COOH. The peptide nanospheres

were dispersed in PBS (pH 7.4) at 10 mg/mL and incubated

with an equivalent volume of 4 mg/mL protein solution (PBS,
pH 7.4) at 4°C for 24 h. After washing with PBS, the amount

of physically adsorbed proteins was detected by the ninhydrin

method. Table 3 shows the isoelectric point, molecular weight,

group of the hydrophilic corona layers
and the amino group of the proteins wa$5 ng/cn?, whereas
the nonspecific adsorption of OVA was not detected by the
ninhydrin method. Furthermore, physical adsorption of OVA,
BSA, lysozyme, and cytochroneonto the OVA-immobilized
NS-2K-COOH was not observed. Figure 6 summarizes the

and round size of the proteins used in this study as model stealth properties against nonspecific protein adsorption and

proteins36-38 and Table 4 shows the adsorption amount and

covalent immobilization of the target proteins. Our peptide

surface coverage of each protein. The amount of adsorbednanospheres possessed both possible stealth properties and

ovalbumine (OVA) and bovine serum albumin (BSA) onto NS-
2K-OCH; was 50 ng/crh (coverage= 3%) and 110 ng/ck

chemical functionality and may represent a novel class of
biodegradable and biocompatible nanospheres.
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(11) Matsusaki, M.; Hiwatari, K.-i.; Higashi, M.; Kaneko, T.; Akashi, M.
Chem. Lett2004 33, 398-399.

Peptide nanospheres with PEG brushes were prepared by th@;2) akagi, T.; Higashi, M.; Kaneko, T.; Kida, T.; Akashi, iomacro-

one-step polymerization of Phe-NCA with the dual initiators
of hydrophobim-butylamine and hydrophilic NHPEG-OCH
or NH,-PEG-COOH.H NMR measurements of the peptide

nanospheres showed that the PEG chain adopted a brus

conformation. The FT-IR and WAXD analyses revealed a

f-strand conformation for the PPhe and Phe segments of p(Phe-

b-EG) triggered the high-density PEG brush conformation in

the corona layer of the peptide nanospheres. Experiments

investigating protein adsorption and immobilization onto the

(14)

molecules2006 7, 297—-303.
(13) Itoh, Y.; Matsusaki, M.; Kida, T.; Akashi, MChem. Lett2004 33,
1552-1553.
Itoh, Y.; Matsusaki, M.; Kida, T.; Akashi, MBiomacromolecule2006
7,2715-2718.
(15) Yokoyama, M.; Kwon, S. G.; Okano, T.; Sakurai, Y.; Seto, T.;
Kataoka, K.Bioconjugate Cheml992 3, 295-301.
(16) Yamamoto, S.; Ejaz, M.; Tujii, Y.; Matsumoto, M.; Fukuda, T.
Macromolecule00Q 33, 5602-5607.
(17) Yamamoto, S.; Ejaz, M.; Tuijii, Y.; Fukuda, Macromolecule2000
33, 5608-5612.

nanosphere surface suggested the possibility of stealth propertie§l8) Yoshikawa, C.; Goto, A.; Tujii, Y.; Fukuda, T.; Kimura, T.; Yama-

and chemical functionality. In vivo studies on the stealth

properties of these peptide nanospheres are now in progress(.lg)

moto, K.; Kishida, A.Macromolecule2006 39, 2284-2290.
Ohno, K.; Morinaga, T.; Koh, K.; Tujii, Y.; Fukuda, ™Macromol-
ecules2005 38, 2137-2142.

Peptide nanospheres with PEG brushes are expected to be useft&o) Ohno, K.; Morinaga, T.: Takeno, S.; Tujii, Y.; Fukuda, Macro-

as a novel biodegradable nanosphere in the biomedical fields.
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