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immunogenicity†
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Antibodies against poly(ethylene glycol) (PEG) have been found to be the culprit of side reactions and efficacy

loss of a number of PEGylated drugs. Fundamental mechanisms of PEG immunogenicity and design principles

for PEG alternatives still have not been fully explored. By using hydrophobic interaction chromatography (HIC)

under varied salt conditions, we reveal the “hidden” hydrophobicity of those polymers which are generally

considered as hydrophilic. A correlation between the hidden hydrophobicity of a polymer and its polymer

immunogenicity is observed when this polymer is conjugated with an immunogenic protein. Such

a correlation of hidden hydrophobicity vs. immunogenicity for a polymer also applies to corresponding

polymer–protein conjugates. Atomistic molecular dynamics (MD) simulation results show a similar trend.

Based on polyzwitterion modification and with this HIC technique, we are able to produce extremely low-

immunogenic protein conjugates as their hydrophilicity is pushed to the limit and their hydrophobicity is

eliminated, breaking the current barriers of eliminating anti-drug and anti-polymer antibodies.
Introduction

Poly(ethylene glycol) (PEG) immunogenicity has been attracting
attention in the pharmaceutical and biomedical areas, where
several incidents associated with the use of PEGylated drugs have
been attributed to pre-existing or induced anti-PEG antibodies
(Abs).1,2 Conjugating PEG to proteins could amplify the generation
of anti-PEG antibodies to a degree depending on protein immu-
nogenicity,3 i.e., the ‘haptenic’ characteristics of PEG. Our previous
studies revealed a strong correlation of the titers of anti-PEG Abs to
the immunogenicity of conjugated proteins, whereas the genera-
tion of anti-polymer Abs against poly(N-(3-acrylamidopropyl)car-
boxybetaine) (PCB) was minimal and insensitive to protein
immunogenicity.3 Although the existence of anti-PEG antibodies is
now widely recognized, fundamental mechanisms of PEG immu-
nogenicity are still not clear. Answers to these questions such as
why PEG could induce a high level of antibodies and how the
chemical and physical characteristics of a polymer are related to
its potential immunogenicity when conjugated to proteins will
provide not only a fundamental understanding of PEG immuno-
genicity but also molecular principles for the design of PEG
alternatives for better pharmaceutical efficacy and safety.

PEG has a quite simple molecular structure. The repetitive
unit consists of one ethylene group plus one oxygen atom.
ornell University, Ithaca, NY 14853, USA.
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Hydrogen bonding between oxygen and surrounding water
molecules makes PEG readily soluble in water. On the other
hand, PEG can also easily dissolve in many water-immiscible
organic solvents, indicating its amphiphilic characteristics.
While PEG reduces protein adsorptions on many material
surfaces,4,5 it can induce the formation of protein corona and
capsule via non-specic interactions.6,7 All of these imply that
PEG, which is generally recognized as “inert”, can still trigger
a certain level of biological interactions through its intrinsic
hydrophobicity. A recent study on the crystal structure of anti-
PEG Ab further strengthens this hypothesis. Anti-PEG Ab has
an open ring-like sub-structure in its Fab paratope, wherein the
PEG backbone is captured via van der Waals interactions.8 It
suggests that hydrophobic contact rather than hydrogen
bonding dominates PEG/anti-PEG Ab interactions. Similar
hydrophobic interactions were also observed in two other PEG/
anti-PEG Ab complexes, where the main part of PEG binds with
both monoclonal Abs at their aromatic residues.9 Given that
hydrophobicity is believed to play an important role in protein
immunogenicity10 and many modeling studies use it as an
important index to predict epitopes and neoantigens,11,12 it is
hypothesized that the immunogenicity of PEG is strongly
related to its ‘hidden’ hydrophobicity, which can be applied to
many polymers which are generally considered as “hydro-
philic”. To verify the hypothesis, we would like to rst set up the
ranking in the ‘hidden’ hydrophobicity of common hydrophilic
polymers. Currently, there is no standard denition of the
hydrophobicity of hydrophilic polymers or a method to test the
‘hidden’ hydrophobicity. While the degree of protein hydro-
phobicity has been extensively explored using different
Chem. Sci., 2023, 14, 2033–2039 | 2033
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theoretical and experimental approaches,13 here, we employ
hydrophobic interaction chromatography (HIC) to evaluate
polymer hydrophobicity. HIC, as an analytical technique, is
widely used as a scalable process for protein purication.13 By
incubating proteins with a high concentration of salts, protein
surfaces are de-solvated, resulting in amplied interactions
between the hydrophobic portions of the proteins and the
hydrophobic ligands on a stationary phase. Employing high-
salt-induced hydrophobic interaction, we could reveal the
‘hidden’ hydrophobicity of many water-soluble polymers and
polymer–protein conjugates. Moreover, HIC also provides
certain advantages over other techniques, such as reverse-phase
liquid chromatography system (HPLC)14 as it reveals the
hydrophobicity of analytes in an aqueous solution under rela-
tively low pressure. Most analytes, like proteins or protein
conjugates, are not denatured under HIC conditions and can be
used in downstream studies aer a simple desalting process.

Results and discussion

In this study, we selected four synthetic polymers (Fig. 1a), PEG,
PCB, poly(2-methyl-2-oxazoline) (PmOX), and poly(2-ethyl-2-
oxazoline) (PeOX), as typical examples to establish the ranking of
the ‘hidden’ hydrophobicity of the polymers. The main reason to
choose these polymers is that they are all hydrophilic, electrically
neutral, and have been reported with ‘stealth’ properties.15

Furthermore, all of them have been used as protein modiers to
prepare protein–drug conjugates in academic research or clinical
trials.16–18 Before on-column tests, we rst examined polymer
solubilities in two types of salted buffers, 0–4 M sodium chloride
(NaCl) and 0–2 M ammonium sulfate (AS), which are also typical
‘salting out’ substances used in HIC. As a high salt buffer leads to
polymer aggregation or liquid–liquid phase separation, polymer
solubility could be monitored by the change of O.D. values at
350nm.19 The results are summarized in Fig. S1.† Generally, all
polymers steadily dissolved in the buffer containing up to 4 M of
NaCl while only PeOX had a slight OD increase at the highest salt
buffer. The difference in solubility was revealed in AS solutions,
a stronger ‘salting out’ substance according to the Hofmeister
series.20 As expected, PeOX showed the lowest solubility limit,
followed by MPEG and PmOX, which formed phase separation at
1.2 M AS. Only the PCB solution remained clear even in 2 M AS
buffer. Thus, the ranking based on solubility-based polymer
hydrophobicity could be roughly written as PCB < mPEG ∼ PmOX
< PeOX.

Column-based HIC tests were performed to establish the
detailed ranking in ‘hidden’ hydrophobicity. Typical HIC columns
are functionalized with butyl, octyl, or phenyl groups. Based on the
‘like dissolves like’ rule, we chose a butyl group functionalized HIC
medium to reveal potential hydrophobicity originating from
polymer backbone or pendant groups. An on-column HIC experi-
ment was performed: polymers were rst loaded and isocratically
eluted at 4 M NaCl until all non-binding or weak binding portions
passed through, followed by gradient elution from 4M to 0MNaCl
to free trapped sample portions. The eluent proles of polymers
were monitored using UV signals at 214 nm, reecting the
hydrophobicity of the backbone of polyoxazoline or the amide
2034 | Chem. Sci., 2023, 14, 2033–2039
group in the side chain of PCB. As the PEG backbone lacks spectral
signals in the UV-vis range, we used mono-maleimide-modied
derivatives to evaluate PEG hydrophobicity in all HIC tests. The
conductivity of the eluent buffer was monitored simultaneously
and values corresponding to eluting peaks were recorded to
describe the strength of hydrophobic interactions between the
polymer and the column. The curves of HIC experiments per-
formed at 4 M NaCl are shown in Fig. 1c–i. Generally, seven tested
polymers could be divided into two groups: 1. Polymers eluting at 4
M NaCl (Fig. 1c–f), where larger retention volumes indicate
stronger hydrophobic column interactions; 2. Polymers eluting at
lowered NaCl concentrations (Fig. 1g–i), where lower solution
conductivities correspond to eluent peaks, indicating stronger
hydrophobic column interactions. For example, no column
binding occurred in HIC tests for PCB 10k and PmOX 10k as they
eluted along with 4 M NaCl immediately, leaving sharp peaks and
indicating low ‘hidden’ hydrophobicity. Most of HO-PEG 5k
passed through the butyl column without decreasing salt
concentration, but a broadened and delayed eluent peak prole
implied the existence of weak interactions. Changing the terminal
group from hydroxyl to methyl did not signicantly alter curve
patterns, but a delay of eluent volume was observed, suggesting
reduced hydrophobicity. PeOX 10k, mPEG 10k, and HO-PEG 10k
showed much higher hydrophobicity as they completely bound to
the column at 4MNaCl. Eluting bound PeOX 10k required amuch
lower salt concentration (eluent peak, 115.7 mS cm−1) than mPEG
10k (163.6 mS cm−1) and HO-PEG 10k (193.7 mS cm−1), indicating
its strongest column interactions. The impact of molecular weight
on the polymer hydrophobicity could be also interpreted by the
different HIC curves of the four PEGs. Both 10k PEGs were
completely bound to the columnmedia while 5k PEGs could elute
out under the same eluent conditions, implying a higher molec-
ular weight led to a higher ‘hidden’ hydrophobicity. To further
compare PCB 10k with PmOX 10, additional HIC experiments were
carried out by changing the incubation buffer from 4 M NaCl to 2
M AS, which has a stronger ‘salting out’ capacity. A large difference
is observed in Fig. 1j and k. While PmOX 10k (Fig. 1k) completely
bound to the column in 2 M AS, a very low AS concentration (85.6
mS cm−1, equals 0.82 M) is required to elute out these bound
PmOX molecules. The peak of PCB 10k (Fig. 1j) was slightly right-
shied compared to the one in 4 M NaCl test, but no broadened
peak occurred. This phenomenon was likely due to the shrinkage
of the hydrodynamic size of PCB induced by a stronger ‘salting out’
effect rather than the consequence of hydrophobic interactions.
The size exclusion effect of the porous columnmedium played the
main role here. To summarize, a more detailed ‘hidden’ hydro-
phobicity ranking based on HIC studies is shown as follows
(Fig. 1i): PCB (10k) � PmOX (10k) < HO-PEG (5k) ∼ mPEG (5k) <
HO-PEG (10k) ∼ mPEG (10k) < PeOX (10k). The ranking could be
further divided into three regions. Region 1 (low), non-binding
polymers at 2 M AS; region 2 (medium), non-binding polymers
at 4 M NaCl; region 3 (high), polymers bound to columns at 4 M
NaCl.

To further investigate the interactions of different compounds
with water, we performed atomistic molecular dynamics (MD)
simulations and estimated their solvation free energies DG using
the free energy perturbation method.21 To eliminate the molecular
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Illustration of the process of HIC to reveal the ‘hidden’ hydrophobicity of “hydrophilic” polymers; (b) structures of “hydrophilic”
polymers for protein conjugation studied in this work; (c) to (i) eluent profiles of the polymers on a Capto butyl HIC column. Polymers were first
loaded and isocratically eluted with a 4 M NaCl solution, followed by gradient elution by changing the NaCl concentration from 4 M to 0 M.
Solution conductivity (dashed line in black, left y-axis) and the UV signal at 214 nm (solid line in red, right y-axis) were monitored and recorded.
The polymers eluting at 4 M NaCl (c)–(f) have peaks labelled with their retention volumes (red texts) where larger retention volumes indicate
stronger hydrophobic column interactions. The polymers shown in (g) to (i) bound to the column at 4 M NaCl where lower solution conduc-
tivities corresponding to peaks indicate stronger hydrophobic column interactions; the HIC curves of PCB (j) and PmOX (k) generated by a similar
eluent method, where only the starting buffer was changed into 2 M AS; (l) the hydrophobic ranking of the polymers based on the HIC study. The
ranking sequence (increasing hydrophobicity from left to right): PCB(10k) � PmOX(10k) < HO-PEG(5k) ∼ mPEG(5k) < HO-PEG(10k) ∼ mPEG
(10k) < PeOX(10k).
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View Article Online
size effect on DG and compare their affinity with water, we only
computed DG of the monomers and then normalized them with
the number of hydration water molecules close to the surface of
the monomers i.e., water molecules within the rst hydration shell
of the monomers up to the peak position of the proximal radial
distribution pG(r) (Fig. 2).22,23 We also normalized DG with the
solvent-accessible surface area (SASA) to provide an additional
evaluation. As one –OH group could signicantly change water
binding to one EGmonomer, we did not calculate themonomer of
© 2023 The Author(s). Published by the Royal Society of Chemistry
OH-terminated PEG here. As shown in Fig. 2a, results by both ways
of normalization show the same trends of normalized solvation
free energies of themonomers. The zwitterionic betaine monomer
has an absolute value of the normalized solvation free energy
jDGnormj one order of magnitude greater than that of all other
compounds, due to its strongest electrostatic interactions with
water. Moreover, our simulation results show that a betaine can
form ve hydration bonds with the surrounding hydration water
molecules, whereas for other monomers (mOX, mEG and eOX),
Chem. Sci., 2023, 14, 2033–2039 | 2035
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Fig. 2 (a) Table of solvation free energy, number of hydration water molecules (N) within the first hydration shell up to the peak (r# rpeak) of the
pG(r), and the normalized solvation free energy DGnorm for the monomers (betaine, mOX, mEG, and eOX); (b)–(e) the pG(r) hydration profiles of
the monomers; (f)–(i) snapshots of the first hydration shells of the monomers. The hydrogen bonds between a monomer and water molecules
are presented with dashed lines. #HB: number of hydrogen bonds.

Fig. 3 Polymer immunogenicity indexes versus ‘hidden’ hydropho-
bicity ranking. The immunogenicity index is defined as the arithmetic
sum of log values of IgG and IgM titers. The theoretical minimum of
immunogenicity index (horizontal dashed line) was 4 as all serum
dilutions started from 100-fold. Vertical dashed lines divided polymers
into three regions based on immunogenicity levels (left to right: low to
high); P values were calculated using one-way ANOVA followed by
Tukey’s post hoc test. Significance, P < 0.05. #: data for each group
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there are only two hydrogen bonds detected (Fig. 2f–i). The ranking
of jDGnormj is betaine > mOX > eOX > mEG (see Fig. 2a). Although
the general trend of hydration ranking is consistent with that ob-
tained from HIC experiments, a different order of eOX and mEG
has been observed. This is because the hydration of molecules in
simulations is not completely equal to their hydrophobicity in HIC
experiments where there are additional interactions between
polymers and hydrophobic moieties (butyl groups) on the column
matrix. The latter represents the interactions between polymers
and antibodies better.

Next, we conjugated each polymer to a high immunogenic
carrier protein, keyhole limpet hemocyanin (KLH), to induce anti-
polymer Abs.3 Similar polymer density was achieved to make a fair
comparison (Table S1†). Each group of C57bl/6 mice (n = 5) was
then treated with two doses of polymer-KLH conjugate via biweekly
subcutaneous (s.c.) injections. Serum samples for the Ab test were
collected one week later aer the 2nd injection and Ab titers were
measured by indirect ELISA. For the quantitative comparison of
polymer immunogenicity, we employed a parameter, called
‘immunogenicity index’,3 which was dened as an arithmetic sum
of the log values of IgG and IgM titers. It should be noted that the
theoretical minimum of immunogenicity index in the current
study is 4 because serum dilution for IgG and IgM ELISA tests
started from 100-fold. The relationship between polymer immu-
nogenicity and their intrinsic hydrophobicity is summarized in
Fig. 3. Seven polymers can be divided into three groups based on
2036 | Chem. Sci., 2023, 14, 2033–2039
the level of immunogenicity indexes. PCB (10k) with the most
hydrophilicity possessed the lowest immunogenicity. PEGs (5k)
and PmOX (10k), which all passed through the butyl column at 4M
were significantly lower than those for other groups.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NaCl, showed similar and modest immunogenicity index values.
PEGs (10k) and PeOX (10k), which completely bound to the HIC
column, triggered the highest level of anti-polymer Abs. The order
of polymer immunogenicity indexes is estimated as: PCB (10k) <
PmOX (10k) ∼HO-PEG (5k) ∼mPEG (5k) < PeOX (10k)∼HO-PEG
(10k) ∼ mPEG (10k), which matches with their hydrophobicity
ranking. It should be noted that the tested immunogenicity
indexes of both PeOX (10k) and mPEG (10k) are equally high and
have no statistical difference. To better understand structural
effects, we compared polymers sharing similar structures for their
immunogenicity indexes. The additional methylene moiety in
every repeating unit makes PeOX more hydrophobic than PmOX.
Fig. 4 Eluent profiles of native Asp (a), PEG-Asp (b), and PCB-Asp (c) on C
isocratically eluted with 4 M NaCl solution, followed by a gradient elution
anti-whole conjugate immunogenicity indexes between PCB-Asp and P
PEG-Asp and PCB-Asp; (f) comparison of anti-Asp immunogenicity inde
w/HIC represented the non-binding portion from the HIC column. P
comparisons were performed using one-way ANOVA followed by Tukey
how to pick out the ‘best’ polymer protein conjugates by HIC. Only the
showed no ‘hidden’ hydrophobicity and could directly pass through the

© 2023 The Author(s). Published by the Royal Society of Chemistry
As a result, PeOX induced higher antibody levels than PmOX did (P
= 0.0048). PEGs (10k) showed signicantly higher immunogenicity
indexes than PEGs (5k) as increased molecular weight enhanced
overall hydrophobicity interactions. However, turning the methoxy
terminal group into a more hydrophilic hydroxyl group did not
provide a signicant improvement over PEG immunogenicity.
Previous reports showed that the terminal hydroxyl group of PEG-
induced stronger complement activation than the methoxy group
terminated PEG.24 While OH is more hydrophilic, its complement
activation should be also taken into account when it comes to
polymer immunogenicity.
apto butyl HIC column. Proteins or protein conjugates were loaded and
when changing NaCl concentration from 4M to 0M; (d) comparison of
EG-Asp; (e) comparison of anti-Asp immunogenicity indexes for Asp,
x before and after the HIC treatment of PCB-Asp conjugates. PCB-Asp
values were calculated using a two-tailed Student's t-test. Multiple

’s post hoc test. Significance: *, P < 0.05, ***P < 0.001. (g) Illustration of
proteins modified with a high density of super-hydrophilic polymers
HIC column.

Chem. Sci., 2023, 14, 2033–2039 | 2037
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The correlation between polymer hydrophobicity and immu-
nogenicity suggested a new way to mitigate anti-polymer Abs by
reducing the hydrophobic feature of a polymer. In clinical practice,
anti-drug Ab (ADA) for the whole polymer–protein conjugate is
more meaningful because it is a combined result contributed by
the immunogenicity of both the protein and polymer. The
measurement of ADA is also on the must-do checklist both in
preclinical and clinical trials. Thus, we would like to explore if the
‘‘hidden’ hydrophobicity–immunogenicity’ correlation can be
applied to the relationship between the hydrophobicity of a poly-
mer–protein conjugate and its ADA. MPEG (5k)-modied Aspar-
aginase (Asp) with a similar structure to Oncaspar® (FDA-approved
Pegylated therapeutic protein) was prepared and studied here. 10k
PCB-Asp conjugate was also prepared with similar polymer density
and particle size for a fair comparison. SDS-PAGE (Fig. S5a†) and
SEC (Fig. S5b and Table S2†) data conrm their compositions. Asp
and Asp conjugates were then loaded on the butyl HIC column and
eluted with 4 M NaCl by the same method used in polymer tests.
Native Asp (Fig. 4a) showed a similar curve pattern to10k PEGs and
PeOX did but needed a lower NaCl concentration to be released
from the column, indicating its high level of hydrophobicity. Aer
modication with 5k mPEG, entire PEG-Asp conjugates (Fig. 4b)
still tightly bind to the HIC column at 4 M NaCl but the main
eluent peak advanced from 43.6 to 51.9 mS cm−1 compared to Asp
protein. Although 5kmPEG showed very weak column binding at 4
MNaCl, it only slightly reduced the apparent hydrophobicity of the
Asp conjugate. Modication of the Asp with multiple PEG chains
made the protein conjugate more like a huge star-shaped mPEG
nanoparticle; thus, the HIC prole of mPEG-Asp conjugate was
supposed to behave like high molecular weight PEGs. A huge
contrast was observed in the PCB-Asp conjugate (Fig. 4c). Most of
PCB-Asp freely passed through the butyl column in the same
manner as the free PCB polymer did although the apparent
molecular weight of PCB increased tens of times. Antibodies were
induced in C57BL/6 mice by three weekly s.c. injections of Asp or
Asp conjugates. The calculated immunogenicity index of the whole
PEG-Asp conjugate reached 5.99 while PCB-Asp did not induce any
positive signals (Fig. 4d). This result veried our assumption that
the apparent hydrophobicity of polymer–protein conjugates may
also be used to predict their potential immunogenicity. With
a similar purpose, we further compared anti-Asp immunogenicity
indexes for Asp, PEG-Asp, and PCB-Asp (Fig. 4e), which correlate
well with their hydrophobicity ranking as shown in Fig. 4a–c. PEG
reduced Asp immunogenicity by shielding surface epitopes, which
was reected as improved hydrophilicity. It is noted that the anti-
protein index was lower than the anti-conjugate index detected in
those mice treated with PEG-Asp, indicating the existence of PEG-
specic Abs. PCB signicantly mitigated Asp immunogenicity, but
anti-Asp Abs were still detected in PCB-Asp treated mice although
small.

Thus, we further tested the non-binding portion of PCB-Asp
from HIC purication (or further puried PCB-ASP conjugate) in
mice by the same three-injection route. No anti-Asp Abs could be
detected in this experiment (Fig. 4f). It is interesting that SEC
curves and SDS-PAGE (Fig. S5†) did not reveal any signicant
difference caused by HIC treatment. A slight increase in average
PCB density from 9.1 to 9.3 chains per Aspmonomer was found by
2038 | Chem. Sci., 2023, 14, 2033–2039
SEC-MALS measurement (Table S2†). There are many factors that
can affect the surface chemistry and hydrophilicity of polymer–
protein conjugates such as the hydrophilicity, molecular weight,
chain number, and distribution of a polymer to shield the
hydrophobic regions of a protein. The HIC method in this work
picks up the overall most hydrophilic polymer–protein conjugates.
The conventional purication of polymer–protein conjugates
highly relies on liquid chromatography technologies like SEC, ion
exchange, hydrophobic interaction, or affinity chromatography.
These techniques are effective to separate mono-, di-, or even tri-
polymer conjugated proteins from the reaction mixture but the
process becomes tedious and inefficient,25 particularly when
completely shielding polymers over the polymer–protein conjugate
is required. By combining super-hydrophilic PCBmodication and
the HIC purication technique, the best PCB–protein conjugates
could be selectively collected in a scalable process, beneting both
drug production and quality control.
Conclusions

In this study, we revealed and established a ranking order in the
hidden hydrophobicity of hydrophilic polymers and their poly-
mer–protein conjugates by using aHIC technique under varied salt
conditions. The immunogenicity reected by the generation of Abs
was evaluated for these polymers and their polymer–protein
conjugates. Experimental and atomistic molecular dynamics
simulation results supported our hypothesis on the relationship
between the hidden hydrophobicity and immunogenicity of
a polymer. Higher hidden polymer hydrophobicity induced
a higher level of anti-polymer Abs when the polymer is conjugated
to an immunogenic protein. The correlation could be seen more
clearly when those polymers sharing a similar structure were
compared. This work mainly focuses on the immunogenic risk of
a polymer used for protein modication. Issues such as compro-
mise in efficacy and complement activation that commonly exist in
PEG, POX, or other amphiphilic polymer-modied nanoparticles
are oen associated with their hidden polymer hydrophobicity.26–28

Although the reduction in polymer hydrophobicity through
altering polymer structures or reducing molecular weights may
mitigate polymer immunogenicity issues to a certain extent, using
a super-hydrophilic alternative with the aid of HIC purication
under varied salt conditions could be a fundamental solution both
in principle and practice.
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