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PEGylation of Goldbody: PEG-aided
conformational engineering of peptides on gold
nanoparticlesy
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Itis still a great challenge to engineer flexible non-functional molecules into special conformations to carry
out novel functions. Previously, we successfully restored the native conformations and functions of the
flexible complementary-determining regions (CDRs) of antibodies on the surface of gold nanoparticles
(AUNPs), and created a class of AuNP-based artificial antibodies, denoted as Goldbodies. Yet, in these
Goldbodies, there are dozens of CDRs on one Goldbody. Herein, we show that the number of CDRs per
Goldbody could be reduced by more than one order of magnitude, by replacing the majority of the
CDRs with polyethylene glycol (PEG) with a molecular weight around 600 Da, while the native
conformations and functions of the CDRs could still be restored on AuNPs. Also, we find that the PEG
with two terminal —SH groups is much better than the PEG with a single —SH group for aiding the
restoration of the native conformation of the CDRs on AuNPs. To demonstrate the potential generic
applicability of the PEGylation in aiding conformational engineering of peptides, two PEGylated
Goldbodies have been created, which can specifically recognize lysozyme and epidermal growth factor
receptor, respectively. The PEGylated Goldbodies further prove the mechanism of conformational
engineering and the "Confined Lowest Energy Fragments” (CLEFs) hypothesis, and pave the way for
future applications of Goldbodies.

Introduction

For decades, scientists have been conjugating nanoparticles
(NPs) with natural proteins to endow NPs with bio-functions.
As an alternative, some protein fragments instead of the whole
proteins have also been used to functionalize NPs, given that
these fragments are functional by themselves.®® Since most
fragments of proteins are not structured and are non-functional
by themselves, only a very limited number of protein fragments
could be used to functionalize NPs by this common conjugation
method.

After years of efforts, we developed a conformational engi-
neering technique that can restore the native conformations
and functions of the flexible fragments of natural proteins on
NPs, even though those fragments are unstructured and non-
functional by themselves, for example the highly flexible
complementary-determining regions (CDRs) of antibodies.’
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Thus, we created a new class of AuNP-based artificial anti-
bodies, denoted as Goldbodies.”** Goldbodies can specifically
recognize the corresponding antigens as the original mono-
clonal antibodies do, and show much better stability than the
monoclonal antibodies. At the same time, Goldbodies do not
contain any of the potential immunogenic sequences of the
original antibodies except for the short binding CDRs frag-
ments, and thus do not need further humanization as the
common therapeutic antibodies do. For this reason, Willson
coined a new term of “Goldization” for our technique,
comparing it with the widely-used “humanization” technology
of therapeutic antibodies.*

The reason that the “Goldization” method is able to control
the conformations of the unstructured peptide fragments of
proteins is that each CDR peptide is conjugated to AuNPs
through two Au-S bonds, instead of the common method of one
Au-S bond or one other covalent bond. It is the two Au-S bonds
that provide the handles for conformational engineering;® and
the mobility of the Au-S bonds on the surface of AuNPs'***
makes it possible to adjust the span between the two Au-S
bonds of the conjugated peptides. To elucidate the underlying
mechanism for the restoration of the native conformations of
the peptide fragments, we proposed the “Confined Lowest
Energy Structure Fragments” (CLESFs) hypothesis,* which was
then shortened as CLEFs hypothesis.'® This CLEFs hypothesis
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points out that all natural proteins consist of multiple CLEFs
clutched together by a few key strong interactions, and the
native conformations of those CLEFs are the most stable ones
under the constraints of those key interactions. In other words,
the native conformation of a CLEF of a protein is only deter-
mined by the CLEF and the related few key interactions, all
other amino acids in the protein (in other CLEFs) have almost
no effect. Therefore, in Goldbodies, the two Au-S bonds
between the CDR and the AuNP resemble the key interactions
for the CDR in the original antibody, and the native confor-
mation and the antigen-recognition function of the conjugated
CDR are thus resumed.

Since non-functionalized “bare” AuNPs are notoriously
known for their strong non-specific interaction with almost any
proteins,'”*® in the previous Goldbodies, in order to cover the
“sticky” surface of the bare AuNPs, the number of CDRs for one
AuNP is much more than necessary for the purpose of binding
with the antigens. For example, the anti-lysozyme Goldbody has
60 CDR peptides (Pepl) on one AuNP (~3.6 nm), while the
surface of the Goldbody can only accommodate/bind a few
lysozymes.? The main purpose of the large extra number of CDR
peptides is to cover the “bare” surface of AuNPs to prevent the
strong non-specific binding with proteins other than the tar-
geted one. As the early proof-of-concept studies,’™* using solely
the same peptide to conjugate AuNPs could eliminate other
factors to draw an unambiguous conclusion. However, those
extra peptides not only raise the cost of Goldbodies, but also
leave a possible doubt that the reported function of Goldbodies
might come from the multivalency effect. To eliminate this
doubt and to dramatically reduce the cost of Goldbodies,
herein, we try to reduce greatly the number of peptides per
Goldbody, at the same time use polyethylene glycol (PEG) to
passivate the rest of the surface of AuNPs, and still manage to
restore the native conformations and functions of the CDRs on
AuNPs (Fig. S1+).
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PEG has been widely used to conjugate NPs for biomedicine
applications.”>* PEG can be modified and further customized
with different groups for different conjugating purposes, and
thus PEG functionalization (PEGylation) has almost become
a standard procedure for many NPs. In addition, PEG is
generally considered safe, and PEGs with molecular weights
(MW) between 200 and 9500 Da are FDA-approved for use in
human consumer products.>**” PEG is commonly used in the
field of nanotechnology to create stealthy drug carriers with
extended circulation time and reduced recognition and clear-
ance by the mononuclear phagocyte system.'>?®* Numerous
studies have investigated the effect of PEG length and density
on the protein adsorption and macrophage uptake of NPs.>**”
Generally, as the density of PEG on the surface of NPs and the
length of PEG increase, PEGylation is beneficial to inhibiting
non-specific protein adsorption and phagocytic uptake of NPs.
However, it is not clear whether the PEG conjugated on AuNPs
interferes the conformational engineering of peptides on
AuNPs. In this study, after comparing the effect of the MW of
PEG and the effect of conjugation of PEG to AuNPs with one or
two Au-S bonds (Scheme 1 and Fig. S1}), two PEGylated Gold-
bodies, i.e., the PEGylated anti-lysozyme Goldbody and the
PEGylated anti-EGFR (epidermal growth factor receptor) Gold-
body, have been successfully synthesized, validating the CLEFs
hypothesis and demonstrating the application potential of the
PEGylated Goldbodies.

Experimental
Materials

Chloroauric acid, sodium tetrahydroborate, trisodium citrate
dehydrate and sodium hydroxide were purchased from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai). Hen egg white
lysozyme (HEWL), immunoglobulin G (IgG) and bovine serum
albumin (BSA) were obtained from Sigma-Aldrich (USA).

Goldbody

CHZCHO), Native
COOH Ry .

> conformation
V . not restored

' CDR Peptide

PEGylated
Goldbody

PEG-Aided (CH,CH,0),
Conformational Lo
Engineering

Scheme 1 Schematic illustration of the difference between the previous Goldbody (top) and the PEGylated Goldbody (bottom right), and the
different effects of PEG-SH (bottom left) or HS—PEG—-SH (bottom right) on the conformational engineering of the CDRs on AuNPs.
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Ribonuclease A (RNase A) and Micrococcus lysodeikticus (M.
lysodeikticus) cells were purchased from Sangon Biotech
(Shanghai) Co., Ltd. Epidermal growth factor (EGF) and the
extracellular soluble part of EGFR were purchased from Creative
BioMart (USA). Peptides including Pepl, Peplm, Pep2 and
Pep2m (see Table S1T) were of 95% pure and synthesized by
Shanghai Science Peptide Biological Technology Co., Ltd
(China). All PEGs were obtained from Shanghai Ponsure
Biotech, Inc. (China). Amine Coupling Kit (N-hydrox-
ysuccinimide  (NHS),  1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC), and 1.0 M ethanolamine-
HCl, pH 8.5), HBS-EP buffer (10 mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES), 150 mM NaCl,
3 mM EDTA, 0.05% v/v surfactant P20, pH 7.4), acetate buffer
(10 mM sodium acetate, pH 4.5), and Series S CM5 sensor chips
were purchased from Cytiva (USA). High glucose DMEM
medium and trypsin-EDTA were purchased from YOBIBIO
(China). Fetal bovine serum (FBS) was purchased from Biolog-
ical Industries (Israel). Human epithelial cervical cancer cell
line HeLa was obtained from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Shanghai, China).
Ultrapure water (Millipore) was used.

Synthesis of AuNPs

AuNPs with an average diameter of around 3.6 nm were
synthesized following the procedure reported previously.” The
molar concentration of the AuNP solution was calculated from
its absorbance at 450 nm measured on an UV-vis spectropho-
tometer (U-3010, Hitachi, Japan), using an extinction coefficient
€450 nm Of 2.768 x 10° M~ cm ™ *.% The synthesized AuNPs were
stored at room temperature in the dark.

Preparation of the PEGylated Goldbodies

The concentration of the peptides was determined using their
absorbance at 280 nm (Table S1}).° To prepare the PEGylated
anti-lysozyme Goldbody, the Pep1 solution in phosphate buffer
(0.01 M, pH 7.4) was added dropwise to the AuNPs solution in
molar ratio of AuNP : Pepl = 1 : 5. After stirring for 1 h at room
temperature, the HS-PEG600-SH aqueous solution was added
dropwise to the AuNP-Pepl solution, and the mixture was
stirred for another 1 h at room temperature. The obtained
product, AuNP-5Pep1-15(HS-PEG600-SH), abbreviated as
AuNP-5Pep1-15PEG is denoted as the PEGylated anti-lysozyme
Goldbody. Also, the similar procedure was used to synthesize
the controls, including AuNP-5Pepl-x(HS-PEG600-COOH),
AuNP-5Pep1-x(HS-PEG300-COOH), AuNP-5Pep1-x(HS-
PEG2000-SH), and AuNP-5Pep1m-15(HS-PEG600-SH), where x
is the average number of PEG molecules for one AuNP.
Similarly, the PEGylated anti-EGFR Goldbody (AuNP-5Pep2-
15(HS-PEG600-SH)), abbreviated as AuNP-5Pep2-15PEG was
prepared following the same procedure as described above
except that the Pep2 solution was used instead of the Pepl
solution. Correspondingly, the controls were synthesized,
including AuNP-5Pep2-x(HS-PEG600-COOH), AuNP-5Pep2-
x(HS-PEG300-COOH), AuNP-5Pep2-x(HS-PEG2000-SH), and
AuNP-5Pep2m-15(HS-PEG600-SH).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Since the conjugation via S-Au bonds is very efficient,”™* the
average numbers of peptides and PEG per AuNP were simply
achieved by mixing the reactants in stoichiometric proportions.

Characterization of the PEGylated Goldbodies

The size and morphology of the PEGylated Goldbodies were
characterized by using TEM (HT7700, Hitachi) and UV-vis
spectrophotometer (U-3010, Hitachi). Before TEM character-
ization, the solutions were first diluted to around 20 nM. Then
an aliquot of 7 pL of the diluted solution was dropped on a TEM
grid. After blotting with a filter paper from the side, the grid was
allowed to dry in air. The diameters of NPs were analysed from
the obtained TEM images using the Image] software.

The hydrodynamic diameter distributions and zeta-
potentials of the AuNPs and the PEGylated Goldbodies were
measured by dynamic light scattering (DLS) at 90° with a glass
cuvette (PCS1115) on a Nanosizer ZS90 (Malvern) at 25 °C. The
dispersant was ultrapure water, and a refractive index of 0.295
was used for Au.

Surface plasmon resonance (SPR) experiments

All SPR experiments were carried out at 25 °C on a Biacore T200
instrument (Cytiva). The HBS-EP buffer was selected as the
running buffer. HEWL, EGFR, RNase A, BSA and IgG were
separately immobilized on different channels of the Series S
CMS5 sensor chips by the standard amine coupling procedure.

To measure the bindings of the PEGylated Goldbodies and
the corresponding controls with HEWL/EGFR/RNase A/BSA/
IgG, 8 nM of the PEGylated Goldbodies or the controls diluted
in the HBS-EP buffer were injected into the HEWL/EGFR/RNase
A/BSA/IgG-immobilized channels at a flow rate of 30 uL min~".

To evaluate their thermal stability, the PEGylated Goldbodies
were first boiled in a water bath for 30 min and then allowed to
cool down to the room temperature. Subsequently, the binding
of these pre-treated PEGylated Goldbodies with HEWL or EGFR
was measured following the same procedure described above.

In the kinetic experiments, the PEGylated anti-lysozyme
Goldbody and the PEGylated anti-EGFR Goldbody were
diluted to different concentrations with the HBS-EP buffer and
then injected into the HEWL and EGFR channels, respectively.
The data were fitted with the 1:1 binding model, and the
dissociation constants (Kp) were calculated.

Enzymatic activity assay of lysozyme

The enzymatic activity of HEWL was determined by monitoring
the first 90 second's digestion of M. lysodeikticus by HEWL with
the change of absorbance at 450 nm using the UV-vis spectro-
photometer.® The activity of HEWL is represented by the initial
slope of the dynamic absorbance curve. Briefly, the M. lyso-
deikticus stock solution was freshly prepared by suspending
10 mg of dry bacteria in 30 mL of phosphate buffer (0.1 M, pH
6.2), while HEWL was dissolved in ultrapure water with
a concentration of 150 nM. The HEWL solution (0.5 mL) was
mixed well with 1 mL of the PEGylated anti-lysozyme Goldbody
(60 nM) or the corresponding controls (60 nM) for 1 min.
Subsequently, 1 mL of the stock suspension of M. lysodeikticus
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was added. The mixture was then quickly transferred to
a cuvette for the absorbance measurement after a brief vigorous
shaking. All assays were conducted at 25 °C.

To investigate the specific interaction between the PEGylated
anti-lysozyme Goldbody and HEWL, the PEGylated anti-lysozyme
Goldbody (1 mL, 60 nM) and the corresponding controls (1 mL,
60 nM) were pre-incubated with RNase A (0.25 mL, 1500 nM) for
1 min, then the HEWL solution (0.25 mL, 300 nM) was added and
mixed well for 1 min. Subsequently, 1 mL of the stock suspension
of M. lysodeikticus was added to the mixture. The inhibition rates
were measured following the above procedure.

To evaluate the thermal stability of the PEGylated anti-
lysozyme Goldbody, the PEGylated anti-lysozyme Goldbody
solution was first heated in a water bath for 30 min at 50 °C,
75 °C and 100 °C, respectively, and then cooled down to room
temperature. Subsequently, the inhibition rates of enzymatic
activity of lysozyme by the pre-treated PEGylated anti-lysozyme
Goldbody were measured following the same procedure
described above.

Inhibition of EGF-induced cell proliferation by the anti-EGFR
Goldbody

Hela cells were seeded in 12-well plates at a density of 3 x 10*
per well, and cultured in a CO, incubator at 37 °C for 24 hours.
After the culture medium was discarded, 0.5 mL of fresh serum-
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free medium or serum-free medium containing 40 nM AuNP-
5Pep2 or 40 nM AuNP-5Pep2-15(HS-PEG600-SH) was intro-
duced into the wells. After incubation for 30 min, 0.5 mL of
fresh medium (containing 20% fetal bovine serum) with/
without EGF (final concentration of 20 nM) was added into
the corresponding wells. The cells cultured in 1.0 mL of fresh
medium (containing 10% fetal bovine serum) were used as the
control. After 72 h of incubation, the cells were collected, re-
dispersed in serum-free medium, and counted. Each group
had 3 parallel samples, and each sample was counted 3 times.
The result is presented as the mean + standard deviation (SD).

Results and discussion

Design and optimization of the PEGylated anti-lysozyme
Goldbody

In the original anti-lysozyme Goldbody,” AuNP was conjugated
merely with Pep1, a peptide corresponding to the CDR peptide
of an anti-lysozyme antibody, cAB-lys3,* with a cysteine (Cys)
residue added at each of its two terminals (Table S1t). These
two Cys residues make it easy to conjugate the peptide onto
AuNPs with two Au-S bonds. Since the CDR fragment is very
flexible, the free Pep1 is unstructured and non-functional.®” But
these two Au-S bonds make it possible to restore the native
conformation and the antigen-recognizing function of the CDR
fragment. To achieve the highest specific binding with lysozyme
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Fig. 1 Characterization of the PEGylated anti-lysozyme Goldbody (AuNP-5Pepl-15(HS-PEG600-SH)). (A) TEM image of the as-synthesized
bare AuNPs. (B) TEM image of AuNP-5Pepl1-15(HS-PEG600-SH). (C) UV-vis spectra of the as-synthesized bare AuNPs and AuNP-5Pepl-
15(HS-PEG600-SH), the insets are the optical pictures of the corresponding solutions. (D) DLS size distributions by number of the bare AuNPs
(hydrodynamic diameter: 6.0 + 1.3 nm) and AuNP-5Pepl1-15(HS-PEG600-SH) (hydrodynamic diameter: 9.0 £+ 1.6 nm).
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and to cover the surface of AuNPs, the optimum peptide density
is around 60 Pepl per AuNP (3.6 nm) in the previous anti-
lysozyme Goldbody.

To reduce the number of peptides on Goldbody, in this
study, we fixed the number of Pep1 on one AuNP to 5, and used
different numbers of PEG molecules to tune the conformation
of the Pep1 into the active conformation for the specific binding
with HEWL.

Considering the MW of the Pepl peptide on the anti-
lysozyme Goldbody (about 1700 Da)® and the commercial
availability of PEG, four different kinds of PEGs have been used
to PEGylate the Goldbody. They are: 300 Da PEG with one -SH
terminal group (HS-PEG300-COOH), 600 Da PEG with one -SH
terminal group (HS-PEG600-COOH), 600 Da PEG with two -SH
terminal groups (HS-PEG600-SH), and 2000 Da PEG with two
-SH terminal groups (HS-PEG2000-SH).

To prepare the PEGylated anti-lysozyme Goldbody, the
AuNPs with an average diameter of 3.6 nm (Fig. 1A) were
synthesized as previously reported.® Then Pepl and PEGs were
conjugated on AuNPs with Au-S bonds between the surface gold
atoms and the Cys residues of Pep1 and PEGs (Fig. 1B and S2-
S47). The slight absorbance shift (Fig. 1C), the slight colour
change of the solution (inset of Fig. 1C), and the increase of
hydrodynamic diameter (Fig. 1D) indicate the successful
conjugation of Pep1 and PEG onto AuNPs. No precipitation was
observed during the conjugation, indicating the crosslinking
due to the dithiol Pepl and PEG was negligible at the initial
concentration of the reactant (AuNP solution) below 80 nM.

Since HS-PEG600-SH showed the best effects on assisting
the conformational engineering of Pep1 on AuNPs (Fig. 2A), for
convenience, unless otherwise stated, PEG in the figures of this
paper represents HS-PEG600-SH. The other three different
PEGSs, ie.,, HOOC-PEG300-SH, HOOC-PEG600-SH and HS-
PEG2000-SH, were used as controls to demonstrate the critical
role of two anchor-points method in conformational engi-
neering and the effect of the length of PEG chain.

Similar to the previous report,® the density of the conjugated
molecules, i.e., the average number of PEG per AuNP (as the
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[ AuNP-5Pep1-(HS-PEG600-SH)
[ AuNP-5Pep1-(HS-PEG600-COOH)
[ AuNP-5Pep1-(HS-PEG300-COOH)
304 ] AuNP-5Pep1-(HS-PEG2000-SH)
=)
)
@ 20 4
c
=]
Qo
%]
&
10
04

0 5 10 15 20 30 40 60
Number of PEG per AuNP

View Article Online

RSC Advances

number of Pepl1 is fixed), is apparently a major parameter to
tune the conformation of the conjugated Pep1l. So, while fixing
the number of Pep1, we conjugated different numbers of PEGs
on AuNPs, and investigated the effects of the PEG number per
AuNP, the MW of PEGs, and the terminal groups of PEGs on the
binding of the AuNP-5Pep1-PEG with lysozyme using the
standard SPR technique. As can be clearly seen from Fig. 24,
HS-PEG600-SH shows the best effect on restoring the native
conformation of the CDR peptide (Pep1l), so as to achieve the
strongest binding with lysozyme. While the three other PEGs
show much less effect on the binding of the AuNP-conjugates
with lysozyme. Among AuNP-5Pep1-(HS-PEG600-SH) species
with different PEG numbers, 10-15 HS-PEG600-SH molecules
per AuNP show the strongest binding affinity with HEWL,
suggesting it is the optimal PEG density range for assisting Pep1
to restore the native conformation of the CDR fragment in the
original antibody, cAB-lys3 (Fig. 2A). Considering that the bare
surface of AuNPs should be covered as much as possible to
prevent the non-specific binding with other proteins, and
previous studies show that 15 Pepl per AuNP is enough to
suppress the non-specific binding surface of AuNPs,>'® the
AuNP-5Pep1-15(HS-PEG600-SH) or simplified as AuNP-
5Pep1-15PEG is the optimal PEGylated
Goldbody.

To demonstrate that the function of the PEGylated anti-
lysozyme Goldbody is really due to the conformational engi-
neering or the restoration of the native/binding conformation of
the CDR peptide, Pep1m, a control peptide with almost exactly
the same sequence as that of Pepl but containing only one
terminal Cys (Table S1t), was conjugated on AuNPs with the
same number of PEG as that for the AuNP-5Pep1-15PEG. As
shown in Fig. 2B, the AuNP-5Pep1m-15PEG conjugate shows
much weaker binding with lysozyme than the AuNP-5Pepl-
15PEG conjugate (the PEGylated anti-lysozyme Goldbody),
clearly indicating the necessity of the two Au-S bonds for the
conformational engineering of Pep1 and the importance of the
correct conformation of Pepl for the strong binding of the
PEGylated anti-lysozyme Goldbody with lysozyme.

anti-lysozyme

AuNP-Pep1-15PEG AuNP-Pep1m-15PEG

Fig.2 Conformational engineering of the CDR peptides on AuNPs. (A) Effects of the number of PEG per AuNP, the MW of PEG, and the terminal
groups of PEG on the binding of the AuNP—-5Pepl-PEG conjugates with the immobilized HEWL measured on a Biacore T200. (B) SPR binding
signals of AUNP-5Pepl1-15(HS-PEG600—-SH) and AuNP-5PepIm-15(HS-PEG600-SH) with the immobilized HEWL.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Specific interaction between the PEGylated anti-lysozyme characterize the formation of possible complexes between the
Goldbody and HEWL PEGylated anti-lysozyme Goldbody and HEWL (MW: 14.7 kDa,

pl: 11), as well as that between the PEGylated anti-lysozyme
Goldbody and RNase A (MW: 13.7 kDa, pI: 9.45), a control
protein that is very similar to lysozyme in many aspects

To demonstrate that the interaction between the PEGylated
anti-lysozyme Goldbody and HEWL is specific, DLS was used to
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Fig. 3 The specific interaction between the PEGylated anti-lysozyme Goldbody and HEWL and the thermal stability of the PEGylated anti-
lysozyme Goldbody. (A) DLS size distributions by number of the mixture of AuNP-5Pepl-15(HS—-PEG600-SH) and RNase A (hydrodynamic
diameter: 11.3 + 1.8 nm) and the mixture of AUNP—-5Pep1-15(HS-PEG600-SH) and HEWL (hydrodynamic diameter: 29.6 + 9.7 nm). (B) SPR
binding signals of AUNP—-5Pep1-15(HS-PEG600-SH) (red), AuNP-5Pepl (blue), and pure Pepl plus PEG (grey) with the equal concentrations
onto the immobilized HEWL, RNase A and BSA. (C) Activities of HEWL inhibited by AuNPs, AuNP-Pepl and AuNP-5Pep1-15(HS-PEG600—-SH) in
the absence/presence of RNase A. Blue columns: NPs (final concentration of 24 nM) were incubated with HEWL (final concentration of 30 nM);
red columns: NPs (final concentration of 24 nM) were pre-incubated with RNase A (final concentration of 150 nM), and then HEWL (final
concentration of 30 nM) was added. Error bars indicate SDs. (D) SPR kinetics of the interaction between AuNP-5Pepl-15(HS-PEG600-SH) and
the immobilized HEWL. Red curves are the fitting lines. (E) SPR binding signals of AuUNP—5Pep1-15(HS-PEG600—-SH) (before and after preheating
for 30 min) with the immobilized HEWL. (F) Inhibition of the activity of HEWL by AuNP-5Pepl-15(HS-PEG600-SH) that had been heated for
30 min at different temperatures.
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including size, structural feature and charge. As shown in
Fig. 3A, the hydrodynamic diameter of the mixture of AuNP-
5Pep1-15PEG and RNase A is almost the same (within experi-
mental errors) as that of the “pure” AuNP-5Pepl-15PEG
(Fig. 1D), indicating that no complex was formed between
AuNP-5Pep1-15PEG and RNase A; as a dramatic comparison,
the hydrodynamic diameter of AuNP-5Pep1-15PEG changed
significantly after mixing with HEWL (Fig. 3A), indicating the
formation of the PEGylated anti-lysozyme Goldbody/lysozyme
complex. As DLS is not accurate in determination of the abso-
lute size values, especially because of lacks of accurate param-
eters including the refractive index of the complex available for
the calculation, the estimated large hydrodynamic diameter
does not represent the real size of the lysozyme-PEGylated anti-
lysozyme Goldbody complex. Nevertheless, these results
demonstrate qualitatively and unambiguously that the PEGy-
lated anti-lysozyme Goldbody can discriminate these two
similar proteins.

To further demonstrate the binding specificity of the PEGy-
lated anti-lysozyme Goldbody, the SPR technique was used to
quantify the binding of the PEGylated anti-lysozyme Goldbody
with the immobilized HEWL. Also, RNase A and BSA were
immobilized in two different channels as controls. As shown in
Fig. 3B, the PEGylated anti-lysozyme Goldbody only strongly
binds with HEWL, but binds very weakly with both RNase A and

C70-
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BSA mainly via non-specific binding. Again, these results prove
that the PEGylated anti-lysozyme Goldbody can specifically
recognize HEWL, the targeted antigen.

Remarkably, the PEGylated anti-lysozyme Goldbody can
specifically recognize and inhibit HEWL even in the presence of
a high concentration of RNase A. As can be seen from Fig. 3C,
the bare AuNPs and the AuNP-5Pep1 can completely inhibit the
activity of HEWL, which is due to the strong non-specific
binding on the bare surfaces of AuNPs."”*® This is also an
evidence that 5 Pepl per AuNP is not enough to cover the
surfaces of AuNPs. When the bare AuNPs and the AuNP-5Pep1
were pre-incubated with RNase A, the exposed bare surfaces of
AuNPs will adsorb and thus be covered by RNase A, losing the
capability of binding with other proteins. This is why only little
inhibition effect on HEWL was observed for these two species.
On the contrary, even after the PEGylated Goldbody being pre-
incubated with a high concentration of RNase A, the PEGy-
lated Goldbody can significantly inhibit the activity of HEWL,
which is similar to the original anti-lysozyme Goldbody.’

The affinity of the specific binding of the PEGylated anti-
lysozyme Goldbody with HEWL was then determined by SPR
(Fig. 3D). The binding data can be well fitted with the 1 : 1 model.
The obtained apparent affinity Ky, value is 5.6 x 10~ M (ko = 6.1
x 10° M~ "s™" and k¢ = 3.4 x 10" s 1). Considering the relatively
large experimental errors due to the non-homogeneity of NPs, this

—— AuNP
—— AuNP-5Pep2-15PEG

5 10 15 20

Size (nm)

D 50

40 4
=)
& 30 -
3
7]
c
<]
% 20
[]
4

10 4

AuNP-Pep2-15PEG AuNP-Pep2m-15PEG

Fig.4 PEGylation of the anti-EGFR Goldbody. (A) TEM image of the PEGylated anti-EGFR Goldbody, i.e., AUNP-5Pep2-15(HS-PEG600-SH). (B)
DLS size distributions by number of the as-prepared bare AuNPs (hydrodynamic diameter: 6.2 + 0.9 nm) and AuNP—-5Pep2-15(HS-PEG600—-SH)
(hydrodynamic diameter: 8.6 + 1.4 nm). (C) Effects of number, MW, and terminal groups of PEG on the binding of AUNPs—5Pep2-PEG
conjugates onto the immobilized EGFR. (D) SPR binding signals of AuNP-5Pep2-15(HS-PEG600-SH) and AuNP-5Pep2m—-15(HS-PEG600—

SH) with the immobilized EGFR.
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slightly stronger apparent affinity is basically at the same level as
that of the original anti-lysozyme Goldbody (1.5 x 10~ *° M).°

Thermal stability of the PEGylated anti-lysozyme Goldbody

Goldbodies consist of a rigid core of AuNP, which endows the
Goldbodies with excellent thermal stability.” The PEGylation
does not change the stable core, so, just as expected, the
PEGylated anti-lysozyme Goldbody also has excellent thermal
stability. Fig. 3E and F show that the PEGylated anti-lysozyme
Goldbody maintains its binding capability with lysozyme and
its inhibition ability on lysozyme even after incubation at 100 °C
for 30 min.

Design and characterization of the PEGylated anti-EGFR
Goldbody

To verify that the above PEGylation strategy is generally appli-
cable to all Goldbodies, the same procedure was used to
PEGylate another Goldbody, the anti-EGFR Goldbody.’ The
original anti-EGFR Goldbody was created by conformationally
engineering a CDR fragment (Pep2) of an anti-EGFR antibody,
7D12,* on AuNPs; and the optimal peptide density is 40-60
Pep2 per AuNP (3.6 nm), very similar to that of the anti-lysozyme
Goldbody.’ So, for the PEGylated anti-EGFR Goldbody, we also
fixed the number of Pep2 per AuNP to 5.

Similar to that of the PEGylated anti-lysozyme Goldbody, the
Pep2 conjugation and PEGylation of AuNPs resulted in nega-
tively charged and well dispersed conjugates with increased
hydrodynamic diameter (Fig. 4A, B and S5-S77).

Similar to the PEGylation of the anti-lysozyme Goldbody, we
also conjugated different numbers of PEG on AuNPs to find the
optimal number that assists the restoration of the native
conformation and the antigen-recognition function of the CDR
peptide (Pep2) on AuNPs. As determined by the SPR binding
signals with the immobilized EGFR (Fig. 4C), the best PEG
molecule to assist the conformational engineering of Pep2 is
still the HS-PEG600-SH, and the optimal PEG number per
AuNP (3.6 nm) is around 15. Therefore, the AuNP-5Pep2-
15(HS-PEG600-SH) is the PEGylated anti-EGFR Goldbody.

Similarly, to demonstrate that the function of the PEGylated
anti-EGFR Goldbody is really due to the restoration of the
native/binding conformation of the CDR peptide (Pep2),
Pep2m, a control peptide with almost exactly the same sequence
as that of Pep2 but containing only one terminal Cys (Table
S1t), was conjugated on AuNPs with the same number of PEG as
that for the AuNP-5Pep2-15PEG. As shown in Fig. 4D, the
AuNP-5Pep1m-15PEG shows much weaker binding with EGFR
than the AuNP-5Pep2-15PEG (the PEGylated anti-EGFR Gold-
body), indicating again that the function of the PEGylated anti-
EGFR Goldbody comes from conformational engineering of the
Pep2 peptides, and that the two Au-S bonds are critical for the
conformational engineering.

The binding specificity and thermal stability of the PEGylated
anti-EGFR Goldbody

To demonstrate that the interaction between the PEGylated
anti-EGFR Goldbody and EGFR is specific, the PEGylated anti-
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EGFR Goldbody was mixed separately with EGFR and BSA,
and then DLS was used to characterize the formation of possible
complexes. As shown in Fig. 5A, within experimental errors,
there is no apparent change of the size of AuNP-5Pep2-15(HS-
PEG600-SH) after incubation with BSA (MW: 66.4 kDa, pI: 4.7).
While the size of AuNP-5Pep2-15(HS-PEG600-SH) increased
significantly after incubation with EGFR (MW: 110 kDa, pI:
6.52), indicating that the PEGylated anti-EGFR Goldbody binds
preferably with EGFR.

The specific binding of the PEGylated anti-EGFR Goldbody
with EGFR is also confirmed by the SPR binding data. As shown
in Fig. 5B, the PEGylated anti-EGFR Goldbody binds strongly
with the immobilized EGFR, but only very weakly with the two
immobilized control proteins, BSA and IgG.

The binding kinetics between the PEGylated anti-EGFR
Goldbody and EGFR was determined by SPR with EGFR
immobilized on a CM5 chip and AuNP-Pep2-15(HS-PEG600-
SH) of different concentrations as the mobile phase. The
binding data (Fig. S8t) can be fitted with the 1 : 1 model, with
an apparent affinity of 8.6 x 10> M (kop = 1.4 x 10’ M ' s *
and ko = 1.2 x 10* s7'). Again, this apparent affinity is
reasonably at the same level as that of the original anti-EGFR
Goldbody binding to EGFR (1.2 x 10~ '* M),® considering the
experimental errors due to the non-homogeneity of NPs.

Once again, the PEGylated anti-EGFR Goldbody shows
excellent thermal stability. The PEGylated anti-EGFR Goldbody
maintained its binding capability after being preheated at
100 °C for 30 min (Fig. 5C).

Inhibition effect of the PEGylated anti-EGFR Goldbody on the
EGF-induced cell proliferation

All the above characterizations of the specific interaction
between the PEGylated anti-EGFR Goldbody and EGFR were
carried out at molecular level using the extracellular soluble
part of EGFR. To verify the specific interaction at cellular level,
and to pave the way for its future biomedical applications, we
also applied the PEGylated anti-EGFR Goldbody to HeLa cells,
a cell line with a moderate expression of EGFR on its
membrane. As the PEGylated anti-EGFR Goldbody is designed
to bind to the domain III of the extracellular part of EGFR,
where is also the binding site for EGF, in principle, the PEGy-
lated anti-EGFR Goldbody will compete with EGF for the EGFR
of HeLa cells, and thus will inhibit the EGF-induced cell
proliferation.®'® As shown in Fig. 5D, the PEGylated anti-EGFR
Goldbody indeed inhibited the EGF-induced cell proliferation,
just like the original anti-EGFR Goldbody did.*** As a compar-
ison, the AuNP-5Pep2 did not inhibit the EGF-induced cell
proliferation, highlighting the important role of PEG for resto-
ration of the native conformation of Pep2.

The role of PEG on the conformational engineering of
peptides on AuNPs

When the number of CDR peptides on the two Goldbodies was
reduced from 60 to 5, a large portion of the surface of AuNPs
would be exposed. Since the “bare” surface of the unconjugated
AuNPs can bind strongly with almost any proteins,"”'® to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Specific interaction between the PEGylated anti-EGFR Goldbody (AuNP-5Pep2-15(HS—PEG600-SH)) and EGFR. (A) DLS size distribu-
tions by number of the mixture of AUNP-5Pep2-15(HS-PEG600-SH) and BSA (hydrodynamic diameter: 9.5 + 1.4 nm) and the mixture of AuNP—
5Pep2-15(HS-PEG600—-SH) and EGFR (hydrodynamic diameter: 43.5 &+ 7.1 nm). (B) SPR binding signals of AuNP—-5Pep2-15(HS—-PEG600-SH)
(red), AUNP-5Pep2 (blue), and free Pep2 plus PEG (grey) with the immobilized EGFR, BSA, and IgG. All species have the same concentration of
peptides. (C) SPR binding signals of AUNP—-5Pep2-15(HS—-PEG600—-SH) (before and after preheated for 30 min) with the immobilized EGFR. (D)
Interaction between the PEGylated anti-EGFR Goldbody and EGFR at cellular level, resulting in the inhibition of EGF-induced cell proliferation.

Error bars indicate SDs. *P < 0.05.

prevent unwanted non-specific binding with non-targeted
proteins, the exposed bare surface area of AuNP has to be
covered with “non-sticky” molecules, for example PEG. The
above results show that the optimum compositions for both
PEGylated Goldbodies are 5 peptides (Pep1 or Pep2) plus 15 HS-
PEG600-SH for one AuNP (3.6 nm), which is basically consistent
with the previous result that 15 Pep1 could sufficiently suppress
the non-specific binding of AuNPs (3.6 nm).’

Covering the bare surface of AuNPs is not the only role of PEG.
As the SPR data clearly show, increasing the number of HS-
PEG600-SH conjugated on AuNPs could turn the AuNP-5Pep1/
Pep2, which did not bind specifically with HEWL/EGFR, into
Goldbodies (AuNP-5Pep1/Pep2-15(HS-PEG600-SH)), which can
strongly and specifically bind to HEWL/EGFR. There are two
possible reasons that the AuNP-5Pep1/Pep2 was inactive. First,
some residues of Pep1/Pep2 might form unwanted interactions
with the bare surface of AuNPs. Second, the bare surface of
AuNPs is too large, leaving too much freedom for the conjugated
peptides to move around and adopt numerous other conforma-
tions. Therefore, covering the bare surface of AuNPs with PEG
could not only significantly prevent the unwanted interactions
between peptide residues and the bare surface of AuNPs, but also
impose constraints on the movement of the Au-S bonds of the
conjugated peptides, and thus reduce the conformational space

© 2022 The Author(s). Published by the Royal Society of Chemistry

for the peptides to achieve a beneficial entropy effect for the
native conformation of the CDR fragments.

After dramatically reducing the number of CDRs on AuNPs,
there is obvious no doubt that the success of Goldbodies is due
to conformational engineering, not due to multivalency effects.
The fundamental theory for the conformational engineering of
the CDR fragments on AuNPs is the CLEFs hypothesis.'>*®
According to this hypothesis, when the right constraints are
imposed, the CDR fragments (i.e., CLEFs) will automatically
fold to their native conformations.

To impose constraints on the conjugated peptides, PEG with
two terminal -SH groups is apparently much better than PEG
with a single -SH group, because the PEG with two terminal -SH
groups can form a loop with both ends immobilized on AuNPs.
Therefore, the space between the two immobilization positions
of the -S-PEG-S- is also difficult for the peptide to access or
pass through. However, when the number of -S-PEG-S- on
AuNPs further increases, the surface of AuNPs might become
too crowded for the conjugated peptides to adopt their native
conformation, as demonstrated by the decreased SPR binding
signals after the number of PEG on AuNPs exceeds the optimum
number (Fig. 2A and 4C).

Another important factor to influence the conformation
engineering is the MW of the PEG. As shown in both Fig. 2A and

RSC Adv, 2022, 12, 26123-26133 | 26131
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4C, HS-PEG2000-SH shows little effect to increase the binding
signal for both systems. The possible reason is that the chain of
HS-PEG2000-SH is longer than both Pep1 and Pep2, and then
the conjugated flexible PEG would partially cover or bury the
conjugated peptides, preventing their bindings with the anti-
gens. Therefore, the HS-PEG-SH with a chain length shorter
than the conjugated peptide is better to assist the conforma-
tional engineering.

At present, antibodies are widely used in many fields
including treatment of many diseases such as cancers.*™
Compared with widely-applied monoclonal antibodies, Gold-
bodies have the advantages of excellent stability and no need for
humanization. Accumulating evidence shows that “Gold-
ization” will become a general technique to produce more and
more Goldbodies targeting various antigens.’**>*® And now we
show here that the PEGylation of Goldbodies can dramatically
reduce the cost of Goldbodies. It is foreseeable that PEGylation
would likely become a standard procedure for Goldbodies for
their future potential applications in various fields.

Conclusions

In summary, we have shown here that PEG with two terminal
-SH groups could be used to effectively aid the conformational
engineering of the CDR fragments of monoclonal antibodies on
AuNPs. Two PEGylated Goldbodies, i.e., the PEGylated anti-
lysozyme Goldbody and the PEGylated anti-EGFR Goldbody,
have been thus created. With the aid of the conjugated PEG, the
number of CDRs per Goldbody has been reduced by more than
one order of magnitude, and the PEGylated Goldbodies thus
eliminate the doubt that the success of Goldbodies might be
due to the multivalency effect instead of the conformational
engineering. The conjugated PEG not only prevents the strong
non-specific binding of the bare surface of AuNPs, but also
imposes proper constraints on the freedom of the conjugated
peptides to achieve a beneficial entropy effect for the native
conformation of the peptides, which further proves the CLEFs
hypothesis. PEGylation also dramatically reduces the cost of
Goldbodies, thus paves the way for future applications of
Goldbodies in various fields.
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