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ABSTRACT: A method of poly(ethylene glycol) (PEG) con- Minimum
jugation is known as PEGylation, which has been employed to R binding 6%~
deliver therapeutic drugs, proteins, or nanoparticles by considerin: w5 izt Egmilldl SR

p S, P )y P Yy g O $° . )
the intrinsic non- or very low immunogenic property of PEG. <~ 06\0 § & %, %, Vo %, ‘s,
However, PEG has its weaknesses, and one major concern is the & o&& é\& - , %’o "J«@/. % Yo
potential immunogenicity of PEGylated proteins. Because of its \‘_,7,06.\‘5\*"0 P 1 e
hydrophilicity, poly(sarcosine) (P(Sar)) may be an attractive—and " & { (g )
superior—substitute for PEG. In the present study, we designed a bin:ingw\ Svae e \m\ : High
double hydrophilic diblock copolymer, methoxy-PEG-b-P(Sar),, ) . binding
(m = 5-55) (mPEG-P(Sar),), and synthesized a triblock mPEG-OH s mPEG-P(lle)

IgM: AGP4
copolymer with hydrophobic poly(i-isoleucine) (P(Ile)). We =

validated that double hydrophilic mPEG-P(Sar) block copolymers

suppressed the specific binding of three monoclonal anti-PEG

antibodies (anti-PEG mAbs) to PEG. The results of our indirect ELISAs indicate that P(Sar) significantly helps to reduce the
binding of anti-PEG mAbs to PEG. Importantly, the steady suppression of this binding was made possible, in part, thanks to the
maximum number of sarcosine units in the triblock copolymer, as evidenced by sandwich ELISA and biolayer interferometry assay
(BLI): the intrinsic hydrophilicity of P(Sar) had a clear supportive effect on PEG. Finally, because we used P(Ile) as a hydrophobic
block, PEG-P(Sar) might be an attractive alternative to PEG in the search for protein shields that minimize the immunogenicity of
PEGylated proteins.

1. INTRODUCTION

Poly(ethylene glycol) (PEG) has made significant contribu-
tions in biomedical fields including the field of targeted drug
delivery owing to PEG’s hydrophilic, neutral, and biocompat-
ible properties.' To date, the FDA has approved several
PEGylated proteins such as interferon-alfa 2a, interferon-alfa

(ABC)."*~" Moreover, the binding of anti-PEG Abs to
PEGylated systems triggers complement activation'® involving
PEGylated liposomes,'” nanomedicines,'®'” and gold nano-
particles.”® Recently, Ishida et al. proposed that daily use
cosmetic products including soap, shampoos, toothpastes
containing PEG or PEGylated derivatives are the probable

2b, L-asparaginase, and adenosine deaminase,”® and since
1995, clinical approval has been extended to the PEGylated
liposomal drugs Doxil and Onivyde.”> Even swiftly approved
mRNA vaccines have used PEG-lipids in which PEG helps to
stabilize lipid nanoparticles (LNPs). Various PEGylated
biocompatible inorganic nanoparticles—because of their
attractive physiochemical, optical, and magnetic properties—
have been designed as theranostics for future clinical
purposes.’”®

However, as evidenced by clinical reports and animal
studies, a major concern regarding the use of PEGylated
biomolecules is the immunogenicity of PEG due to the
generation of anti-PEG Abs, namely, anti-PEG immunoglobu-
lin M (anti-PEG IgM) and anti-PEG immunoglobulin G (anti-
PEG IgG).()’10 In most cases, PEGylated proteins'' or PEG-
liposomes'” induce the production of anti-PEG Abs, which can
effectively bind to PEGylated nanocarriers, resulting in the
rapid clearance of these carriers from the body—a phenom-
enon commonly known as accelerated blood clearance
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sources of pre-existing anti-PEG antibodies in many healthy
individuals.”"** Importantly, the pre-existing anti-PEG anti-
bodies may cause mild allergic or life-threatening anaphylactic
reactions, as well as reduce the therapeutic efficacy and
pharmacokinetics of PEGylated drugs.”>~*° Therefore, mini-
mization of the binding behaviors of anti-PEG Abs has been
considered an essential topic in the current chemistry,
biochemistry, and medicinal chemistry research fields.

Hence, in order to overcome such limitations of PEG, it is
encouraﬁged to use hydrophilic polymers as a PEG alter-

2

: 27 s
native. In current decay, zwitterionic polymers have been
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aggressively deliberated as immunosuppressive polymers. For
instance, zwitterionic phosphoserine polymers actively sup-
press undesired immune activation.”® Polycarboxybetain
(PCB)-modified uricase did not elicit either antiuricase or
anti-PCB antibodies upon 3 weeks postinjection in a rat
model.” Likewise, trimethylamine-N-oxide (TMAO)-derived
polymer (PTMAO)-conjugated fibrinogen exhibited minimal
immunogenicity.”® Interestingly, the structural property of
hydrophilic polymers plays an attractive role in several
physiological phenomena, such as a helical L-P(EG;Glu)-
conjugated interferon (IFN) elicited a significantly milder
immune response than those of coiled P(EG;Glu) or PEG.*
Moreover, branched PEG or poly%lycerol plays a role in the
weakened ABC phenomenon.””” Furthermore, sulfoxide-
containing hydrophilic polymer-coated nanoparticles have
huge potential in pharmacokinetics.”*

Recently, Yuan et al. demonstrated that the hydrophobicity
in hydrophilic polymers affects the immunogenicity of
polymer—protein conjugates.”® By contrast, PEG, by itself,
possesses a bioinert nature characterized by hydrophilicity and
flexibility.® In the present study, we focus on how the
hydrophilic nature of PEG can be duplicated in PEG-
conjugated polymers in order to minimize the binding of
anti-PEG mAbs to PEG. Interestingly, our previous attempt to
suppress anti-PEG IgM binding to hydrophilic poly(aspartic
acid)-inserted PEG-b-poly(aspartic acid)-b-poly(L-phenylala-
nine) triblock copolymers was a successful indication of the
positive impact that the insertion of hydrophilic polymers into
a PEG-hydrophobic diblock copolymer occurred.”” Hydro-
philicity is a physiochemical property that lowers the
immunogenicity of polymeric micelles. For instance, we have
shown that PEG-shell (PEG-P(Lys-DOTA-Gd)) micelles with
a hydrophilic inner core did not induce an anti-PEG-IgM
response, whereas PEG-shell (PEG-PBLA) micelles possessin%
a hydrophobic inner core induced just such a response.’
Therefore, the presence of hydrophobic segments neighboring
hydrophilic PEGs is a potential malefactor in anti-PEG Abs
responses. However, minimizing the binding of anti-PEG Abs
to PEG is an enormously challenging goal. In tackling this
challenge, we have focused on the important role of a
hydrophilic spacer between PEG and a hydrophobic block and
selected P(Sar) as a hydrophilic polymer, owing mainly to its
nonionic, hydrophilic, highly biocompatible, and potentially
biodegradable properties.””*’ The hydrophilic nature of
P(Sar) has earned the polymer a reputation as a possible
PEG adternative,41 drug carrier,42 and component in nano-
particle encapsulation.”” In this respect, P(Sar) has been
mentioned as a PEG alternative for protein conjugation.44

In this study, we have designed a double hydrophilic diblock
copolymer, methoxy-PEG-b-P(Sar),, (m = $—55) (mPEG-
P(Sar)). We used a 12 kDa molecular weight PEG for the
copolymer, which was conjugated with a hydrophobic polymer,
poly(t-isoleucine) (P(Ile)), to prepare a triblock copolymer:
mPEG-P(Sar)-P(Ile). Using gel permeation chromatography
(GPC) analysis, we examined the effect that the hydrophilicity
of P(Sar) in the mPEG-P(Sar)-P(Ile) would have on the
aggregation of triblock copolymers. Importantly, as demon-
strated by enzyme-linked immunoassay (ELISA), and biolayer
interferometry (BLI) assay, P(Sar) helped to minimize the
binding of various monoclonal anti-PEG Abs (anti-PEG
mAbs) to PEG. Among these anti-PEG mAbs are terminal
methoxy-specific anti-PEG mlgG (mlIgG antibody 15-2b),
PEG main-chain-specific mIgG (mlgG antibody 6.3), and PEG

main-chain-specific mIgM (mIgM antibody AGP4). We
assume that P(Sar), being a hydrophilic polymer, would help
to keep PEG outlying from the hydrophobic block, P(Ile) in
mPEG-P(Sar)-P(Ile) triblock copolymers, and in so doing,
would suppress the binding of PEG with the three
aforementioned types of antibodies. Thus, in our goal of
enhancing the suppression of antibody binding, we focused on
triblock copolymers featuring higher numbers of sarcosine.
Furthermore, hydrophilic mPEG-P(Sar) acted as mPEG
toward anti-PEG mAbs, as evidenced by their similar inhibition
property, indicating that mPEG-P(Sar) is in a race to replace
PEG.

2. MATERIALS AND METHODS

2.1. Chemicals and Instruments. From Kanto Chemicals
(Japan), we purchased isoleucine, triphosgene, dehydrated
ethyl acetate (reagent grade, Wako), dehydrated tetrahydrofur-
an (THF, reagent grade, Wako), dehydrated n-hexane (reagent
grade, Wako), potassium hydroxide (Wako), n-hexane
(Wako), sulfuric acid, 3,3',5,5'-tetramethylbenzidine (TMB),
and hydrogen peroxide. Likewise, we purchased a-methoxy-w-
aminopropyl-poly(ethylene glycol) (mPEG-NH,, M, = 12
kDa) from the NOF Corporation (Japan). Deuterium solvents
and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (Japan). N,N-Dimethylformamide (DMF, reagent
grade and high-performance liquid chromatography (HPLC)
grade), dehydrated dichloromethane (DCM, reagent grade),
and lithium bromide were purchased from Fujifilm Wako Pure
Chemical Corporation (Japan). Dulbecco’s phosphate-buffered
saline (D-PBS (—), absence of Ca/Mg) was purchased from
Nakarai Tesque (Japan). Three types of anti-PEG monoclonal
antibodies—mlIgG antibody 15—2b, mIgG antibody 6.3, and
mlIgM antibody AGP4—were purchased from Academia Sinica
(Taiwan). Horseradish peroxidase (HRP)-conjugated protein
A/G and antimouse IgM were purchased from Bethyl
Laboratories. Biotinylated mouse anti-PEG IgG and HRP-
labeled streptavidin were purchased from Abcan (ab$53449)
and Thermo Scientific. ELISA plates were purchased, Thermo
Fischer Scientific (Product code): 445101. '"H NMR spectra
were recorded on an Agilent UNITY INOVA 400 MHz NMR
spectrometer. Fourier transform infrared (FTIR) spectra were
analyzed with the assistance of FTIR spectroscopy (FT-IR
4100, JASCO Corporation, Japan) over the 4000—400 cm ™
wavenumber range. To perform GPC measurements, we relied
on an HPLC system (LC 2000 series, JASCO Corporation,
Japan) equipped with either a TSK-gel G4000-PWy; column
(eluent = D-PBS, flow rate = 1.0 mg/mL, detector = refractive
index (RI)) or a TSK-gel a-3000 column (eluent = 10 mM
LiBr containing DMF, flow rate = 1.0 mg/mL, detector = RI).
To determine molecular weights, we performed calibration in
line with polystyrene standards.

2.2. Synthesis of Isoleucine-N-carboxyanhydride (lle-
NCA). An L-isoleucinecrystal (5.0 g, 38.1 mmol) was poured
into a 500 mL two-neck round-bottom flask and dried in vacuo
for 2 h. Then, 240 mL of a dehydrated ethyl acetate solvent
was added to the crystal under a flow of N,. Triphosgene (4.89
g, 16.5 mmol) was dissolved in 20 mL of dehydrated ethyl
acetate under a flow of N,. The triphosgene solution was
added to the L-isoleucine solution under a flow of N,. The
reaction was carried out at 40 °C for 16 h under a flow of N,. A
colorless transparent solution with a small amount of the white
precipitate was obtained. The reaction mixture was filtered into
another 500 mL two-neck round-bottom flask under a flow of
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N,. In evaporating the solvent, we obtained a lightly yellowish
viscous liquid, which we promptly dissolved in 20 mL of
dehydrated THEF. Then, the solution was dropwise added into
180 mL of n-hexane at 0 °C under vigorous stirring to obtain a
precipitate. The obtained white precipitate was filtered and
dried in vacuo (2.42 g). The transparent filtrate solution was
kept at —30 °C overnight to obtain crystals (1.40 g). The dried
white powder was dissolved in dehydrated THF (1S mL),
followed by an addition of n-hexane (4 mL) at 40 °C and kept
at —30 °C overnight to obtain a crystal (1.00 g). The yield (%)
of the crystal was calculated to be ~48%. 'H NMR (400 MHz,
DMSO-dy): & (ppm) 9.08 (s, NH), 4.30—4.05 (br m, CH,
isoleucine main chain), 1.78 (s, CH, isoleucine backbone),
1.31-1.21 (d, CH,, isoleucine backbone), and 1.00—0.8 (br m,
2CH,, isoleucine).

2.3. Synthesis of Sarcosine-N-carboxyanhydride (Sar-
NCA). We synthesized Sar-NCA with slight modifications.**
Sarcosine (5.0 g 56.1 mmol) was dried in vacuo for 2 h,
followed by an addition of 75 mL of dehydrated THF under a
flow of N,. Triphosgene (7.21 g, 24.3 mmol) in a dehydrated
THF solution was added to the sarcosine solution. The
reaction was carried out at 40 °C for 3 h under a flow of N,.
The colorless transparent solution was filtered, and the solvent
was evaporated to obtain a lightly yellowish viscous liquid
dissolved in dehydrated THF (100 mL). Then, 20 mL of
dehydrated n-hexane was dropwise added under vigorous
stirring at 40 °C and kept at —30 °C overnight to develop the
crystal. The crystal was filtered and dried (~2.00 g). The
obtained light brown crystal was purified by sublimation. The
final crystal yield (%) was calculated to be ~40%, and the yield
(%) of sublimation was ~60%. 'H NMR (400 MHz, DMSO-
dg): 8 (ppm) 4.30—4.00 (br m, CH,, Sar backbone), and
3.10—2.85 (br m, CHj, Sar side chain) (Figure S1).

2.4. Synthesis of mPEG-b-P(Sar), (n = 5-55). In
synthesizing mPEG-P(Sar)s, we used a solvent consisting of
dehydrated DCM and dehydrated DMF with a 1:S (v/v) ratio.
First, in a Schlenk tube, we added mPEG-NH, (1.00 g, 0.083
mmol) followed by DCM at room temperature under N,.
Then, we added a DMF solution of Sar-NCA (74.0 mg, 8.3 X
107" mmol) and carried out the reaction at 40 °C for 5 h.
Using FTIR spectroscopy, we monitored the consumption of
Sar-NCA at 1778 and 1854 cm™" of C=0 of the NCA (Figure
S2). The obtained polymer was precipitated in cold diethyl
ether, and the precipitate was dried under a vacuum (1.02 g).
Table S1 summarizes the parameters involved in this reaction.
All other mPEG-b-P(Sar)s were synthesized according to a
similar method: '"H NMR (400 MHz, CDCl, with TFA (0.5%,
v/v)): 6 (ppm) 4.30—4.00 (br m, CH,, P(Sar) backbone),
3.85-3.35 (br m, CH, PEG backbone), 3.40—3.35 (s,
terminal OCHj), and 3.10—2.85 (br m, CH,, P(Sar)) (Figure
S3).

2.5. Synthesis of mPEG-b-Poly(isoleucine). For the
synthesis of mPEG-b-poly(isoleucine) block copolymers
(mPEG-P(Ile)s), we used a solvent consisting of dehydrated
DCM and dehydrated DMF with a 1:5 (v/v) ratio. First, into a
Schlenk tube, we poured mPEG-NH, (1.00 g, 8.3 X 107*
mmol) followed by DCM at room temperature under N,.
Then, we added a DMF solution of Ile-NCA (130.3 mg, 0.83
mmol) and carried out the reaction at 40 °C for S h. Using
FTIR spectroscopy, we monitored the consumption of Ile-
NCA at 1786 and 1854 cm™' of C=0 of the NCA (Figure
S4). The formed polymer was precipitated in cold diethyl ether
and then dried under a vacuum (0.81 g). Table S2 summarizes

the parameters involved in the reaction. "H NMR (400 MHz,
CDCl, with TFA (0.5%, v/v)): 6 (ppm) 4.30—4.05 (br m, CH,
isoleucine backbone), 3.85—3.35 (br m, CH,, PEG backbone),
3.40—-3.35 (s, PEG terminal OCH,), 3.10-2.85 (br m, CH,,
isoleucine side chain), and 1.00—0.7 (br m, 2 CHs, isoleucine)
(Figure SS).

2.6. Synthesis of mPEG-P(Sar)-P(lle). For the synthesis
of mPEG-P(Sar)-P(Ile)s, we used a solvent consisting of
dehydrated DCM and dehydrated DMF with a 1:S (v/v) ratio.
First, to a Schlenk tube, mPEG-P(Sar) (0.20 g, 1.56 X 1072
mmol) was added, followed by DCM at room temperature
under N,. Then, we added a DMF solution of Ile-NCA (24.5
mg, 15.6 X 107> mmol) and carried out the reaction at 40 °C
for 22 h. Using FTIR spectroscopy, we monitored the
consumption of Ile-NCA at 1786 and 1854 cm™' of C=0
of the NCA. The obtained polymer was precipitated in cold
diethyl ether, and the precipitate was dried under a vacuum
(0.196 g). Table S3 summarizes the parameters involved in the
reaction. '"H NMR (400 MHz, CDCl, with TFA (0.5%, v/v)):
5 (ppm) 4.30—4.05 (br m, CH, isoleucine backbone), 3.85—
3.35 (br m, CH,, PEG backbone), 3.40—3.35 (s, PEG terminal
OCH,;), 3.10—-2.85 (br m, CH,, isoleucine side chain), and
1.00—0.7 (br m, 2CHj, isoleucine) (Figure S6).

2.7. GPC Measurements. GPC measurements were
performed at a sample concentration of 1.5 mg/mL in 10
mM LiBr containing DMF at 40 °C or at a sample
concentration of 1.5 mg/mL in D-PBS (—) at 40 °C. Sample
solutions were filtered before measurements.

2.8. CMC Determination. Different concentrations (4 X
1077=3 x 107* M) of mPEG-P(Ile) or mPEG-P(Sar)-P(Ile)
were prepared in 4.0 mL of D-PBS (—). Then, S uL of an
acetone solution of pyrene (5 X 107" M) was added to the
polymer solutions and stirred overnight at RT (pyrene final
concentration = 6 X 1077 M). The solutions were excited at
319 nm (4,,) to obtain emission in the range between 360 and
400 nm with the slit width set to S and S nm for both
excitation and emission. The ratio of fluorescence (FL)
intensities, I3g3/I37,, of the emission peaks, A.,, = 383 and
Aem = 372, was plotted against concentration to determine the
CMC.

2.9. Indirect ELISA. mPEG-P(Ile) and mPEG-P(Sar)-
P(Ile) were separately dissolved in ethanol (99.5%) and then
prepared in a water—ethanol solvent (1:1, v/v) at various
concentrations (107'°—107* M). The as-prepared solutions
were plated on a 96-well plate (100 uL/well) and kept
overnight at 4 °C. Then, the solutions were removed, and the
plate wells were washed with a wash solution (50 mM tris-
buffered saline (TBS), pH = 8.0) 3 times. Since TWEEN as a
surfactant in the buffer is commonly used in ELISA and
contains PEG,*"*° therefore, we should use [3-(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate,
(CHAPS) instead.

Morover, usually, CHAPS is used to exclude undesired
bindings from sera. Since our current study used a simple
system, which contained only monoclonal antibodies and
immobilized PEGs, we used TBS as a washing solution. We
blocked the plate wells with a blocking buffer solution (1%
BSA in 50 mM tris-buffered saline, pH = 8.0) for 1 h at room
temperature (RT) by subsequently washing 3 times with a
wash solution. Then, freshly prepared antibody (mlgG
antibody 15-2b, mIgG antibody 6.3, and mIgM antibody
AGP4) solutions in D-PBS(—) at a concentration of 0.2 ug/
mL were added to each well (100 uL/well) for 1 h, followed by
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Table 1. Analytical Results for PEG-P(Sar)

polymer feed DP yield (%)
mPEG-NH,
mPEG-P(Sar)$ S S 91
mPEG-P(Sar)10 10 10 94
mPEG-P(Sar)15 15.5 15 82
mPEG-P(Sar)40 40 40 71
mPEG-P(Sar)S5 60 SS 84

M, X 107** (NMR)

M, x 107** (GPC) M, /M, (g mol™")

1.20 1.68 1.05
1.23 1.92 1.05
1.27 195 1.0S
1.30 1.96 1.05
1.48 1.98 1.0
1.58 2.00 1.05

“Determined by means of 'H NMR. ”Determined by means of GPC involving calibration based on polystyrene standards, with 10 mM LiBr in

DMF as an eluent.

washing with a wash solution. Thereafter, 100 yL of the as-
prepared detection antibody solution of horseradish peroxidase
(HRP)-conjugated protein A/G (0.02 pg/mL) was added to
each well treated with mIgG antibody 15—2b and mlIgG
antibody 6.3, and HRP-conjugated antimouse IgM (0.02 ug/
mL) was added to each well treated with mIgM antibody
AGP4. After treatment, the plates were kept at RT for 1 h and
then washed with the wash solution. TMB (100 uL) was added
to the well for 15 min, and 100 uL of 0.36 N H,SO, was added
to the well to stop the reaction. The absorbance at 450 nm was
recorded with a microplate reader (Multiskan GO, Thermo
Fisher Scientific).

2.10. Sandwich ELISA. First, monoclonal antibody (mIgG
antibody 15—2b, mIgG antibody 6.3, and mIgM antibody
AGP4) solutions (2.0 pug/mL in D-PBS (—)) were added to
each well (100 uL/well) and were kept overnight at 4 °C. The
following day, the solutions were removed from the wells,
which were then washed with wash solution 3 times and
blocked with a blocking buffer solution for 1 h. Various
concentrations (2 X 107% to 2 X 1077 M) of mPEG-P(Ile),
mPEG-P(Sar)-P(Ile), and mPEG-OH (M,, = 12 kDa) were
separately dispersed in D-PBS and added to the plate, where
they were allowed to sit for 1 h. For the detection of
antibodies, we used a mixed solution of biotinylated mouse
anti-PEG IgG (0.04 pg/mL) as a detection antibody and HRP-
labeled streptavidin (0.027S pg/mL). Biotinylated mouse anti-
PEG IgG was specifically bound to PEG (main chain), which
was already bound with a primary anti-PEG antibody. We
prepared the solutions for approximately 30 min before adding
them to the plate. The wells were washed with the wash
solution 3 times before the premixed detection solutions were
added to the wells (100 uL/well). After the wells were filled
with the solution, the plates were kept for 1 h at RT and were
then washed with the wash solution. TMB (100 uL) was added
to each well and allowed to sit for 15 min, at which point, we
stopped the reactions by adding 100 uL of 0.36 M H,SO, to
the wells. The absorbance at 450 nm was recorded with a
microplate reader.

2.11. Indirect ELISA for Binding of the BSA-Polymer
with Serially Diluted Antibodies. A D-PBS solution of
mPEG-BSA or mPEG-P(Sar)-BSA with a PEG concentration
of 20 pg/mL was immobilized onto the plate wells, and the
plate wells were kept overnight at 4 °C. Then, the solutions
were removed, and the plate wells were washed with the wash
solution 3 times and blocked with a blocking buffer solution
1% BSA in 50 mM tris-buffered saline, pH = 8.0 (TBS), for 1 h
at RT subsequent to 3 times washing with the wash solution.
Then, the freshly prepared monoclonal antibody (mlgG
antibody 15—2b, mIgG antibody 6.3, and mIgM antibody
AGP4) solutions in D-PBS(—) with different concentrations
(0.2—20.0 pg/mL) were added to each well (100 yL/well) for

1 h at RT, followed by washing with the wash solution.
Thereafter, 100 uL of the as-prepared detection antibody
solution of HRP-conjugated protein A/G with a concentration
of 0.01 pug/mL was added to each well treated with mIgG
antibody 15—2b and mlIgG antibody 6.3. HRP-conjugated
antimouse IgM antibody (0.01 yg/mL) was added to each well
treated with mIgM antibody AGP4. After treatment, the plate
wells were kept at RT for 1 h and washed with the wash
solution. TMB (100 uL) was added to the well for 15 min, and
100 uL of 0.36 N H,SO, was added to each well to stop the
reaction. The absorbance at 450 nm was recorded with a
microplate reader (Multiskan GO, Thermo Fisher Scientific).

2.12. Inhibition ELISA. We prepared mPEG-poly(b-
benzyl-L-aspartate) diblock copolymer (M, pgc = 12 kDa,
mPEG-PBLA)-immobilized wells according to a method we
had used in previous research.’” After completing the
preparation, we removed the solutions from the plate wells,
which were washed with the wash solution 3 times and then
blocked with a blocking buffer solution for 1 h. Three types of
monoclonal antibody solutions (mIgG antibody 15—2b, mIgG
antibody 6.3, and mIgM antibody AGP4) were prepared at a
concentration of 2.0 ig/mL in D-PBS(—). Meanwhile, mPEG-
NH,, mPEG-P(Sar), mPEG-P(Ile), and mPEG-P(Sar)-P(Ile)
were separately dissolved in D-PBS(—) at various concen-
trations (5 X 107" to 2 X 107* M) and mixed with the as-
prepared antibody solutions. The mixed solutions were added
to wells (100 pL/well) and kept for 1 h. Thereafter, 100 uL of
HRP-conjugated protein A/G (0.2 yg/mL) was added to the
mlgG antibody 15—2b-treated wells and the mIgG antibody
6.3-treated wells, and 100 uL of an HRP-conjugated antimouse
IgM antibody solution (0.2 pug/mL) was added to the mIgM
antibody AGP4-treated wells. After treatment, the plates were
kept for 1 h and then washed with the wash solution. TMB
(100 uL) was added to each well and allowed to sit for 15 min,
at which point, we stopped the reactions by adding 0.36 N
H,SO, (100 uL) to the plate wells. The absorbance at 450 nm
was recorded with a microplate reader.

2.13. Biolayer Interferometry (BLI). BLI experiments
were performed on an Octet R2 system (Sartorius Inc.) at 30
°C with an orbital shake speed of 1000 rpm. Aminopropyl
silane (APS) biosensors were washed with D-PBS (—) for 10
min, followed by immobilization of 5.0 pg/mL monoclonal
anti-PEG antibodies (mIgG antibody 15—2b, mIgG antibody
6.3, and mIgM antibody AGP4) for 10 min on the sensor. The
anti-PEG mAbs-coated sensors were washed with D-PBS (—),
followed by addition of a blocking buffer solution (0.1% BSA
in S0 mM tris-buffered saline, pH = 8.0) for S min, and the
sensor was washed with D-PBS. Different concentrations (2.5
X 107=2.0 X 107 M) of mPEG-P(Ile) or mPEG-P(Sar)-
P(Ile) were allowed for the association with antibodies for 10
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Figure 1. "H NMR spectra of (A) mPEG-P(Sar), (n = 10) in CDCl; (0.5% v/v TFA), (B) mPEG-P(lle),, (m = 10) in CDCl, (0.5% v/v TFA),
(C) mPEG-P(Sar), (n = 11)-P(Ile),, (m = 5) in DMSO-d, and (D) mPEG-P(Sar), (n = 11)-P(Ile),, (m = 5) in CDCl; (0.5% v/v TFA).
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Figure 2. GPC charts of (A) mPEG-P(Sar) in D-PBS, (B) PEG-P(Sar) in DMF, and (C) mPEG-P(Ile) and mPEG-P(Sar)-P(Ile) in D-PBS. The

sample concentration was 2.0 mg/ mL.

min, and dissociation of polymers from antibodies was
followed for S min.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Diblock and
Triblock Copolymers. We prepared mPEG-P(Sar)s by
means of mPEG-NH-initiated Sar-NCA ring-opening poly-
merization, and we characterized the obtained polymers by
means of "H NMR. Table 1 summarizes the polymerization
process. Figure 1A presents the "H NMR spectrum for PEG-
P(Sar) (number of sarcosine units = 10). The number of
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repeating units of sarcosine in PEG-P(Sar) was calculated by
comparing the integral ratio of the PEG’s methoxy terminal
peak to the N-methyl group of sarcosine peak. We performed
GPC to determine molecular weights, and the results reveal
that all polymers exhibited a narrow unimodal M,, distribution
peak (polydispersity index = 1.05) (Figure 2B). Moreover, the
GPC peak shifted toward higher molecular weights due to the
increase in the degree of polymerization of P(Sar).
Importantly, we obtained various molecular weights of
polymers by performing mPEG-NH,-initiated Sar-NCA
polymerization reactions. In addition, we synthesized mPEG-
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Scheme 1. Synthesis of Di- and Tri-copolymers via Ring-Opening NCA Polymerization
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Figure 3. (A) Indirect ELISA results regarding the binding properties of (i) mIgG antibody 15—2b, (ii) mIgG antibody 6.3, and (jii) mIgM
antibody AGP4 in relation to various concentrations of mPEG-P(Sar), mPEG-P(Ile), and mPEG-P(Sar)-P(Ile). (B) Sandwich ELISA results
regarding the binding properties of (i) mIgG antibody 15—2b, (ii) mIgG antibody 6.3, and (iii) mIgM antibody AGP4 in relation to various
concentrations of mPEG-P(Ile) and mPEG-P(Sar)-P(Ile). Control results were obtained on D-PBS treatment. Error bars represent standard

deviation for duplicate measurements.

P(lle) using mPEG-NH, as an initiator. We characterized
mPEG-P(Ile) by means of "H NMR spectroscopy in CDCl,
with TFA (Figure 1B). We determined the number of
isoleucine units of mPEG-P(Ile) by comparing the integral
ratio of the PEG’s methoxy terminal peak to the isoleucine’s
two —CHj; peaks at 0.90 ppm.

Next, we synthesized mPEG-P(Sar)-P(Ile) using mPEG-
P(Sar) as a macroinitiator (Scheme 1). In order to determine
the number of repeating units of sarcosine and isoleucine, we
used DMSO-dg, and CDCl; as NMR solvents, respectively.
The 'H NMR peak intensities of the N-methyl group for
sarcosine units in the triblock copolymers were less apparent in
CDCl; than in DMSO-d,. We calculated the number of
repeating units of sarcosine and isoleucine in the triblock
copolymers from 'H NMR in DMSO-d;, and CDCl,,
respectively. As we expected, there were no obvious changes
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in the number of sarcosine units (Figures 1C and SS). The
calculated number of repeating units of isoleucine was in the
range between 3.03 and 10.1. (Figures 1D and $6).

Figure 2 presents the GPC charts of both (A) mPEG-P(Sar)
and (B) mPEG-P(Sar)-P(Ile) possessing different numbers of
sarcosine units in D-PBS. The peak shifting at 9.83 min toward
shorter retention time on increasing sarcosine units for mPEG-
P(Sar)s was entirely due to the enhancement in the molecular
weight (Figures 2A and S7), which was also consistent with the
molecular weight calculated from "H NMR (Table 1). The fact
that all of the PEG-P(Sar)s exhibited a single GPC peak
indicates that in D-PBS, they took the form of unimers.

By contrast, mPEG-P(Ile) exhibited two retention times:
one at 6.4 min and another at 9.8 min (Figure 2B). The fact
that peak retention times ranged from 6.4 to 7.8 min for
mPEG-P(lle)s indicates that, in D-PBS, they took the form of
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aggregates owing to the hydrophobicity of P(Ile). The peak
corresponding to 6.4 min of retention time for mPEG-P(Ile)
was delayed to the retention time (7.29 min) for the triblock
copolymer, mPEG-P(Sar)5-P(Ile) (Table S4). Such conse-
quences could be described as the effect of hydrophilicity of
P(Sar) on hydrophobic P(Ile). Moreover, the impact of
hydrophilicity was periodically predominated with increasing
numbers of sarcosine as supported by GPC peak shifting to
retention time (~7.64) (Table S4). Importantly, we found that
mPEG-P(Sar)-P(Ile) possessing SS sarcosine units exhibited a
very small peak. Finally, it could be accomplished that
hydrophilic P(Sar) has a true impact on the behavior of
mPEG-P(Sar)-P(Ile).

3.2. Antibody Binding. In this study, we conducted
binding assays of anti-PEG mAbs and mPEG-P(Sar)-P(Ile) to
identify the latter’s possible hydrophilic benefits of P(Sar). We
confirmed the critical micelle concentration (CMC) of
obtained polymers (Figure S7). The CMC of mPEG-P(lle),
mPEG-P(Sar)10-P(Ile), and mPEG-P(Sar)SS-P(Ile) was
determined to be 5 X 107 8 X 107% and 1 X 107> M,
respectively (Figure S7D). Specifically, we used three ELISA-
based assays (the indirect ELISA assay, the sandwich ELISA
assay, and the competitive ELISA assay) and biosensor-based
BLI assay to assess the binding properties of three monoclonal
anti-PEG Abs (mAbs)—the PEG main-chain-specific mIgM
antibody AGP4, the PEG main-chain-specific mIgG antibody
6.3, and the terminal methoxy-specific mIgG antibody 15—
2b—in relation to two distinctly PEG conjugates: mPEG-
P(Ile), and mPEG-P(Sar)-P(Ile). We initially dissolved three
mPEG conjugates in ethanol and then diluted them to different
polymer concentrations in H,0O/ethanol (v/v = 1:1) for
polymer coating (polymer concentration = 0.006 to 2000 ug/
mL). The binding behaviors of three anti-PEG mAbs for three
mPEG-conjugate-immobilized plates were envisaged by
indirect ELISA. It should be noted that P(Ile), as a
hydrophobic block was adsorbed on plate wells. The binding
behavior was determined by the absorbance value, wherein
high absorbance values would indicate effective binding. The
binding behavior of all anti-PEG mAbs was dependent on the
concentrations of the polymer coatings as well as the types of
mPEG conjugates. Anti-PEG mAbs exhibited binding to
mPEG-P(Ile) at a wide concentration range. The lowest
binding at the lowest concentration suggested a smaller
number of PEG on the plate wells. However, bindings of
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anti-PEG Abs were proliferated with an increase in the
concentration of both PEG-P(Ile) and mPEG-P(Sar)-P(Ile)
due to an increase in the number of PEG on plates
(concentration range, 0.006—0.8 ug/mL). However, at higher
PEG concentrations (20.0—2000 pg/mL), the occupancy of
P(Ile) on the hydrophobic plates of both PEG-P(Ile) and
mPEG-P(Sar)-P(Ile) polymers was saturated (Figure
3Aiiiiii). We consider that coating of the PEG-polymers
onto the plate wells saturated beyond the concentration of 20
pug/mL. Importantly, a sudden decline in binding for all
antibody cases after a particular concentration was possibly due
to the formation of a brush structure of PEGs onto the plate at
a high mPEG-P(Ile) concentration.”’

Interestingly, the binding behavior of three anti-PEG mAbs
was drastically minimized for P(Sar)-inserted mPEG-P(Sar)-
P(Ile) triblock copolymers, as evidenced by steady suppression
of binding (Figure 3A). Previously, we examined the binding
behaviors of anti-PEG IgM in relation to both PEG-b-
poly(aspartic acid)-b-poly(L-phenylalanine) (PEG-P(Asp)-P-
(Phe))-immobilized plates and PEG-PBLA-immobilized
plates.”” We observed that anti-PEG IgM did not bind well
to PEG-P(Asp)-P(Phe), but bound effectively to PEG-PBLA.
This observation indicated that anti-PEG IgM recognized
PEG, and the bindings of anti-PEG IgM were induced by
hydrophobic blocks and the surface at proximity of PEG.
Owing to the haptenic characteristic of PEG, the hydrophobic
blocks of the PEG conjugate helped anti-PEG IgM bind to the
PEG. The binding behaviors of all three anti-PEG mAbs to the
immobilized mPEG-P(Sar)-P(Ile) were much less pronounced
than the immobilized mPEG-P(Ile) due to the presence of
P(Sar) as a hydrophilic spacer. This indicates that the presence
of the P(Sar) block clearly suppressed anti-PEG mAbs’
bindings.

Figure 3B exhibits binding behaviors of mPEG-P(Ile) and
mPEG-P(Sar)-P(Ile) to three types of anti-PEG mAbs-
immobilized sandwich ELISA, and we examined sandwich
ELISA far below the CMC of three polymers (Figure 3B). For
all anti-PEG mAbs, binding levels were higher for mPEG-
P(Ile) than for mPEG-P(Sar)-P(Ile). It should be noted that
the binding level associated with mPEG-OH exhibited no
change with concentration and were similar to the control
result (Figure S8); this negligible binding tendency reflects the
haptenic characteristic of PEG itself.** Despite having mPEG-
OH specificity to anti-PEG mAbs, the affinity of mPEG-OH
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Figure 5. Competitive ELISA results of (i) mIgG antibody 15—2b (1.3 X 107® M), (ii) mIgG antibody 6.3 (3.3 X 10™* M), and (iii) mIgM
antibody AGP4 (2.1 X 107 M) in relation to various concentrations of (A) mPEG-OH and mPEG-P(Sar)s and (B) mPEG-P(Ile) and mPEG-
P(Sar)-P(Ile). (Error bars represent the standard deviation for duplicate measurements.). Concentrations of antibodies were constant at 2.0 mg/

mL.

was too weak to form a stable bound complex with anti-PEG
mAbs in the solution.”® Generally, bare PEG exhibits bioinert
nature due to its hydrophilic and flexible properties.*’
However, all of the antibodies were able to bind to PEG
possessing hydrophobic conjugates, as evidenced by the
maximum binding of antibodies to mPEG-P(Ile). Although,
both mPEG-P(Ile) and mPEG-P(Sar)-P(Ile) possess P(Ile),
there was a drastic difference in binding propensity between
mPEG-P(Ile) and mPEG-P(Sar)-P(Ile). Our findings in the
current study suggest that hydrophobic blocks help the
haptenic characteristic of PEG for stable bindings. Both the
mlgG antibody, 6.3, and mIgM antibody, AGP4, recognized
the PEG main chain; therefore, both antibodies weakly
interacted with the haptenic PEG main chain. Although
researchers have reported about the effects of the hydro-
phobicity of polymers on immunogenic proteins,” still there is
a great deal of queries about the reason for the precise effects
of the hydrophobic blocks of PEG conjugates on antibody
binding. As we expected, P(Sar), when it was made part of the
triblock copolymer mPEG-P(Sar)-P(Ile), effectively sup-
pressed the ability of antibodies to bind to the copolymer.
Moreover, mPEG-P(Sar)-P(Ile) possessing long P(Sar) blocks
did a better job of suppressing the binding tendencies of
antibodies than did mPEG-P(Sar)-P(Ile) possessing short
P(Sar) blocks. Thus, we witnessed the maximum suppression
of anti-PEG mAbs’ binding to PEG when the maximum
number of P(Sar) units (SS) was present in the triblock
copolymer, signifying the impact hydrophilic property of
P(Sar) on PEG. Moreover, sandwich ELISA without an
antibody at different concentrations of mPEG-P(Ile), mPEG-
P(Sar)-P(Ile), and mPEG-OH is shown in Figure S9.

We examined the binding tendency of three anti-PEG mAbs:
anti-PEG mAbs are terminal methoxy-specific anti-PEG mIgG
(mIgG antibody 15-2b), PEG main-chain-specific mlgG
(mIgG antibody 6.3), and PEG main-chain-specific mIgM

(mIgM antibody AGP4). Figure 4 exhibits concentration-
dependent binding tendency of anti-PEG mAbs with polymer
conjugates including mPEG-BSA or mPEG-P(Sar)-BSA. In our
careful experiment, we clearly observed the difference in
binding for mPEG-BSA and mPEG-P(Sar)-BSA with anti-PEG
IgG (15-2b, and 6.3, Figure 4,iii), which possess a low
molecular weight as compared to IgM (AGP4). In general, IgG
is a more antigen-specific antibody than IgM, but IgM can bind
with low specificity. Probably, due to the larger molecular
weight and low specificity of AGP4, it preferred to bind with
polymer nonspecifically. Therefore, in the case of AGP4, the
binding difference for different poymers was not noticed
(Figure 4,iii). Furthermore, we confirmed the significant
difference in binding for mPEG-BSA and mPEG-P(Sar)-BSA
with anti-PEG antibodies. The significant difference in the
obtained p values indicates the effect of P(Sar) in mPEG-
P(Sar)-BSA on suppression of antibody binding. However, at a
high concentration of an antibody, the difference in binding for
mPEG-BSA and mPEG-P(Sar)-BSA with anti-PEG antibodies
was small, probably due to the occurrence of bindings between
the added antibody and the antibody-PEG-bound compelx.
We performed competitive ELISA with mPEG-OH, and two
mPEG-P(Sar)s: mPEG-P(Sar)10 and mPEG-P(Sar)5S. For
this test, we premixed the antibodies with PEG conjugates and
added the obtained solution to mPEG-immobilized wells. A
relatively high concentration of mPEG-OH was required to
inhibit the binding of all of the antibodies. Importantly, the
inhibiting effects of mPEG-P(Sar)s were similar to those of
mPEG-OH (Figure SA). Although anti-PEG-mAbs are specific
to the PEG main-chain group and to the terminal methoxy
group, results indicated that the binding of anti-PEG mAbs to
each specific region of PEG was not strong enough, as
evidenced by different half maximal inhibitory concentrations
(ICp) for both mPEG-OH and mPEG-P(Sar)s (Table SS). In
contrast to this competitive ELISA, mIgG antibody 15-2b,
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Figure 6. (A) Schematic presentation of the BLI assay experiment. (B) Binding signals for each step in our BLI assay. BLI assay for different
polymers to (C) mIgG antibody 15—2b, (D) mlIgG antibody 6.3, and (E) mIgM antibody AGP4. Concentration of polymers: (i) 2 X 107 M, (ii) 1

x 107 M, and (iii) 5 X 1077 M.

mlgG antibody 6.3, and mIgM antibody AGP4 were sharply
inhibited by P(Ile) block-conjugated diblock copolymers,
mPEG-P(Plle) (Figure SB). Likewise indirect and sandwich
ELISA, bindings of anti-PEG mAbs were suppressed by
mPEG-P(Sar)-P(Ile)s. Thus, a substantial difference in anti-
PEG antibody inhibition between mPEG-P(Ile) and mPEG-
P(Sar)-P(Ile) was prominent. Notably, a relatively low ICS0 of
mPEG-P(Ile) indicated its higher inhibiting potency to three
anti-PEG mAbs than other polymers (Table S5). As we
examined the effects that the insertion of the P(Sar) block into
mPEG-P(Ile) had on the binding behaviors of anti-PEG mAbs,
we noted that P(Sar) seems to play the main role: it keeps
PEGs separated from hydrophobic P(Ile) blocks.

In the inhibition ELISA, inhibitory effects of PEG-P(Sar)
were nearly the same as that of mPEG-OH (Figure SA). In
addition, similar binding behaviors of PEG and PEG-P(Sar)
were also supported by sandwich ELISA. (Data are not
shown). It has been known that PEG itself does not show
immunogenicity. Therefore, based on both competitive and
sandwich ELISA results, we have assumed that no or little
difference in PEG’s immunogenic property between PEG and
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PEG-P(Sar) will be found in our future immunogenicity
assessment study.

The BLI is a biosensor-based dip-and-read platform that
dips biosensors into designated plate wells to perform each
step. In order to conduct antibody binding with the polymers,
we followed mainly four steps (Figure 6A,B). First,
immobilization of the antibody on the sensors (antibody
loading step) (I), blocking of sensors (II), polymer binding
step (association step) (III), and, finally, the removal of
unbound polymers (dissociation step) (IV). The binding of
polymers to antibody-immobilized sensors was examined by
analyzing different concentrations of mPEG-P(Ile) and mPEG-
P(Sar)-P(Ile) at their below CMC. However, we observed
stark contrasts between mPEG-P(Ile) and mPEG-P(Sar)-
P(Ile). The associative behavior of mPEG-P(Sar)-P(Ile) to all
of the anti-PEG mAbs was notably lower than that of mPEG-
P(Ile) at the same concentration of the polymers. The
association of mPEG-P(Sar)-P(Ile) to anti-PEG mAbs-
immobilized sensors was greatly suppressed for the triblock
copolymer with a long P(Sar) chain length in all antibody cases
(Figure 6C—E) We also confirmed that mPEG-OH exhibited
negligible changes in the same concentration range (Figure
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Scheme 2. Schematic of the Effective Binding of mPEG-P(Ile) with an Anti-PEG Antibody and the Suppression of Binding for
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S10). Therefore, the results indicated P(Sar)-chain-length-
dependent suppression, signifying the role of P(Sar) in
between mPEG and P(Ile).

It is considered that hydrophobic blocks adjoining to PEG
chains are highly affected by anti-PEG Abs. In PEG-liposome
cases, lipid membranes are adjoining to short PEG (2k) chains;
therefore, it is also considered that the lipid membranes greatly
contribute for anti-PEG mAbs’ bindings.50 Furthermore, the
mushroom formation of the short PEG chain may also be due
to hydrophobic lipid membranes.”’ A study found that an
injection of 40k free PEG, 30 min prior to administrating in
mice, suppressed the PEG-liposome-induced elicitation of anti-
PEG IgM.>* This result indicated that high-molecular-weight
40k PEG, even though it is more hydrophobic than low-
molecular-weight PEG, did not elicit an anti-PEG IgM
response. Recently, Yuan et al. evaluated about the positive
impact of hidden hydrophobicity on the hydrophilic polymer
in relation to polymer conjugation to highly immunogenic
proteins.”® Therefore, it could be considered that hydrophobic
blocks adjoining PEG chains play a pivotal role in effective
binding with anti-PEG mAbs. Anti-PEG mAbs interact with
PEGs due to their PEG specificity, but their interactions are
not strong enough. This was supported by a negligible binding
of mPEG-OH with anti-PEG mAbs in our current experiments.
(Scheme 2,I) However, anti-PEG mAbs exhibited bindings to
mPEG-P(lle), in which mPEG was conjugated with hydro-
phobic blocks, P(Ile) (Scheme 2,IT). Importantly, the insertion
of hydrophilic P(Sar) into mPEG-P(lle) significantly sup-
pressed anti-PEG mAbs’ bindings, indicating the pivotal role of
hydrophilic P(Sar) for suppression of anti-PEG mAbs’
bindings (Scheme 2,IILIV). As a hydrophilic polymer, P(Sar)
separates the PEG from the hydrophobic P(Ile) block so that
PEG exhibits truly haptenic behaviors.

4. CONCLUSIONS

We have successfully synthesized a series of double hydrophilic
block copolymers, mPEG-P(Sar), in which P(Sar) preserved
the intrinsic hydrophilic nature of PEG. We observed that the
behavior of mPEG-P(Sar) in aqueous solutions was similar to
the behavior of PEG in aqueous media. Moreover, we observed
that the hydrophilicity of P(Sar) enhanced the hydrophilic
ability of mPEG-P(Sar)-P(Ile) to reduce the level of
aggregation of the triblock copolymers inserted with P(Sar).
In the current study, we examined various types of anti-PEG

mAbs binding to three types of polymers, including mPEG,
mPEG-P(Sar), and mPEG-P(Sar)-P(Ile). The terminal
methoxy group-specific antibody, mIgG antibody 15-2b,
exhibited distinct binding from those of the main-chain-
specific antibodies, mIgG antibody 6.3 or mIgM antibody
AGP4. Importantly, we found that the hydrophilicity of P(Sar)
preserved the hydrophilicity of PEG. Therefore, our findings
strongly support our proof of concept that P(Sar) could
effectively inhibit the stable bindings of anti-PEG mAbs to
PEGs in the mPEG-hydrophobic conjugate. Overall, the results
of our present study suggest that P(Sar) has a significant role
in suppression of anti-PEG mAbs’ bindings to PEG-hydro-
phobic conjugates. We have high expectations that mPEG-
P(Sar) can be an effective or even superior alternative to PEG
as a protein shield capable of minimizing the immunogenicity
of PEGylated proteins. Thus, we encourage researchers in the
field to conduct future in vivo studies on the topic.
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