
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 4
:1

8:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A comprehensive
aDepartment of Biological Sciences, Carneg

Pittsburgh, PA 15213, USA
bCenter for Polymer-Based Protein Enginee

Forbes Avenue, Pittsburgh, PA 15213, USA
cDepartment of Chemistry, Carnegie Mellon

PA 15213, USA
dDepartment of Chemical Engineering, Ca

Avenue, Pittsburgh, PA 15213, USA
eCenter Macromolecular Structure Analysi

Dresden e.V., Hohe Straße 6, Dresden 010

alederer@sun.ac.za
fStellenbosch University, Department of Che

X1, Matieland 7602, South Africa

† Electronic supplementary information
synthetic procedures, analytical data. See

Cite this: Chem. Sci., 2021, 12, 13848

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th June 2021
Accepted 24th September 2021

DOI: 10.1039/d1sc03033g

rsc.li/chemical-science

13848 | Chem. Sci., 2021, 12, 13848–1
analysis in one run – in-depth
conformation studies of protein–polymer chimeras
by asymmetrical flow field-flow fractionation †

Bibifatima Kaupbayeva,ab Hironobu Murata,b Krzysztof Matyjaszewski,bc

Alan J. Russell,abcd Susanne Boye *e and Albena Lederer *ef

Polymer-based protein engineering has enabled the synthesis of a variety of protein–polymer conjugates

that are widely applicable in therapeutic, diagnostic and biotechnological industries. Accurate

characterizations of physical–chemical properties, in particular, molar masses, sizes, composition and

their dispersities are critical parameters that determine the functionality and conformation of protein–

polymer conjugates and are important for creating reproducible manufacturing processes. Most of the

current characterization techniques suffer from fundamental limitations and do not provide an accurate

understanding of a sample's true nature. In this paper, we demonstrate the advantage of asymmetrical

flow field-flow fractionation (AF4) coupled with multiple detectors for the characterization of a library of

complex, zwitterionic and neutral protein–polymer conjugates. This method allows for determination of

intrinsic physical properties of protein–polymer chimeras from a single, rapid measurement.
1 Introduction

Protein–polymer conjugates are exceptional macromolecules
that possess characteristics of both biotic and abiotic worlds.
Synthetic polymers are conjugated to proteins to enhance the
native properties of the protein, improve activity and increase
stability in non-native environments. This has been a signi-
cant area of interest since the synthesis of the rst protein–
polymer chimera reported in 1977. This conjugate, and most
since, was generated by covalently attaching poly(ethylene)
glycol (PEG) to bovine serum albumin (BSA).1 PEGylation is used
to shield the antibody binding epitopes within a protein, while
also providing protection from proteolytic enzymes.2,3 Prevent-
ing antibody binding is a crucial step in evading the immune
system thereby increasing the plasma circulation time. The
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ability of a polymer to shield the surface of a protein from
immune complex formation, led to medicinal application of
protein–polymer conjugates.4

In recent years, considerable attention has been paid to the
creation of “smart conjugates” by incorporating stimuli
responsive polymers to proteins.5–7 Examples include tempera-
ture-5,7,8 and pH-responsive9 polymers that can change confor-
mation in response to trigger. “Smart conjugates” have been
employed for sensing and detection.10–12 Polymer-based protein
engineering has also been used to increase protein stability at
high temperatures, pH extremes, in organic solvents and in
ionic liquids. These properties are highly attractive for indus-
trial applications of protein–polymer chimeras.

Protein–polymer conjugates can be synthesized using two
alternative strategies: “graing to” and “graing from”. In the
“graing to” approach, end-functionalized polymers are
synthesized rst to a desired molar mass and then graed
covalently to a protein surface.13 This approach, while widely
used, can be a somewhat random process where graing
density and attachment sites are difficult to control. Addition-
ally, purication of these conjugates can be laborious due to the
difficulties associated with the removal of unreacted poly-
mers.13–15 Polymer synthesis has also evolved over the past few
decades, with the development of controlled radical polymeri-
zation (CRP).16,17 Using CRP considerably widens the synthetic
horizon, allowing the incorporation of wide range of mono-
mers, introduce plethora of functional groups and monomers
with complex architecture. Atom-transfer radical polymeriza-
tion (ATRP) and reversible addition–fragmentation chain
transfer (RAFT) have been shown to be ideal methods to prepare
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc03033g&domain=pdf&date_stamp=2021-10-26
http://orcid.org/0000-0003-1223-2434
http://orcid.org/0000-0002-1760-6426
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03033g
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC012041


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 4
:1

8:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
protein–polymer chimeras. “Graing from” approach consists
of modifying proteins with small initiator groups9 or chain
transfer agents,18 followed by polymer synthesis using the
protein as macroinitiator. Comparatively, “graing from”

allows the conjugates to be prepared with higher graing
densities,19 higher yield9 and ner modication site control.20,21

Additionally, CRP methods provide precise control of polymer
composition, functionality and topology.22 Therefore, not only
linear homopolymers, but also random copolymers, gradient
copolymers and block copolymers as well as branched struc-
tures can be grown from proteins.8 Due to the process of
growing polymers from a protein surface, simpler purication
processes, such as dialysis, are also possible.

While the synthetic strategies to make protein–polymer
conjugates have evolved over the past decade, the development
of precise and accurate characterization techniques has lagged
considerably behind. Synthetic advances cannot achieve the
desired impact without reliable characterization of the prod-
ucts.23 Due to their hybrid nature, the characterization of intact
protein–polymer conjugates is very difficult, and we have had to
rely on controlled decomposition and characterization of the
resulting synthetic and biologic fragments. Thus, the synthetic
polymer chains are typically cleaved from the protein surface,
followed by molar mass and dispersity (Đ) characterization
using size exclusion chromatography (SEC).9 Once the single
chain's molar mass is determined and assuming that the
number of polymers per protein is known, the whole conjugates
molar mass can be estimated. This method has several draw-
backs which may affect the molar mass calculation: (i) SEC
molar masses are mostly estimated in reference to calibration
standards, which may have different solution properties,
conformation, architecture, (ii) different chemical structures
may lead to different interaction with separation column's
material than the cleaved polymer chains.24 Absolute molar
masses can be obtained by the application of multi-angle static
light scattering detector (MALS). However, limited size range,
shear degradation and sample interaction of column-based SEC
are still existent (see ESI, Fig. S14†). Various complementary
assay techniques, as well as batch dynamic light scattering
(DLS) studies, are also used to provide information about the
quality of conjugation. With these techniques, however, only
average values are obtained, and the co-existence of complex
protein–polymer structures remains undetected. Thus, novel
and versatile techniques are needed to gain a deeper insight
into the true nature of protein–polymer chimeras.

An attractive alternative to column-based SEC is the asym-
metrical ow eld-ow fractionation (AF4) as a channel-based
separation technique that separates molecules depending on
differences in their Brownian motion. This gentle technique
does not use a densely packed column for separation and is
non-destructive to delicate samples such as bioconjugates due
to signicantly reduced shear forces.25–28 Channel-based sepa-
ration can more accurately reect physical properties of the
sample in solution. When coupling AF4 to MALS, the absolute,
intrinsic molar mass can be obtained based on the Rayleigh
ratio.29,30 Since MALS does not require the use of calibration
standards, protein–polymer conjugate molar mass, radius and
© 2021 The Author(s). Published by the Royal Society of Chemistry
Đ can be determined as intact entities, without cleaving the
polymers prior to analysis (Fig. 1). MALS can provide informa-
tion on radius of gyration (Rg) and combining that with
hydrodynamic radius (Rh) that is obtained from online DLS
detector, can further provide an insight into conformation
properties such as scaling behavior and r parameter (Rg/Rh), as
well as information about structural complexity.31 In previous
studies, the great potential of AF4 in combination with up to ve
detectors for characterization of complex macromolecular
architectures and particles has been demonstrated.28,32,33 Light
scattering detectors in combination with concentration and
chemical structure sensitive detectors (UV-Vis) also enable the
determination of the chemical composition distribution.
Previous studies show the potential of AF4-MALS for the sepa-
ration and characterization of conjugated structures and
enabled a detailed study of the complexity of avidin–polymer
conjugation. These studies began to unravel a variety of co-
existing architectures that were driven by changes of parame-
ters such as type of polymer, degree of biotinylation, molar
ratios, etc.25,34–36

Herein, we demonstrate the potential of using AF4 with four-
fold detection (AF4-D4, Fig. 1) for the characterization of avidin–
polymer intrinsic physical properties. The library of polymers
was prepared by using surface-initiated ATRP and variation of
the number of polymer chains (graing density), polymer
length (degree of polymerization, DP) and polymer type. The
comprehensive study of molecular properties like molar mass,
radius and conformations by AF4-D4 enabled a correlation
between the synthetic strategies and the physical properties of
the resulting polymer–protein chimeras.
2 Experimental
2.1 Materials

Avidin from egg white was purchased from Lee Biosolutions
(Maryland Heights, MO). Bicinchoninic acid solution, copper(II)
chloride, sodium ascorbate and poly(ethylene glycol)methyl
ether methacrylate (OEGMA, average Mn 500) were purchased
from Sigma Aldrich (St. Louis, MO), CBMA was purchased from
TCI (Portland, OR). Protein surface active ATRP initiators were
prepared as described previously.9,19 4-(Bis(N,N-dieth-
ylaminoethyl)aminoethyl)morpholine (MMA) synthesized in
a previous report was used as ligand.
2.2 Synthetic procedures

2.2.1 Attachment of ATRP initiators on the surface of
avidin. Single-headed ATRP initiator was synthesized as previ-
ously described.9 Avidin–Br conjugates were synthesized by
mixing avidin (160 mg, 0.01 mmol protein, 0.1 mmol primary
amine groups) with single-headed bromine-functionalized
ATRP initiator (0.7 mmol, 235 mg (7 eq.)) and were dissolved
in 80 mL of 0.1 M sodium phosphate buffer, pH 8.0. The reac-
tion was stirred at 4 �C for 2 h and then dialyzed against 25 mM
sodium phosphate, pH 8 using dialysis tubing with a molecular
weight cut off of 15 kDa, for 24 h at 4 �C.
Chem. Sci., 2021, 12, 13848–13856 | 13849
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Fig. 1 Schematic representation of the instrumental setup of asymmetrical flow field-flow fractionation with fourfold detection system (AF4-D4)
for the in-depth characterization of the molecular properties of avidin–polymer conjugates. Adapted with permission from J. Engelke, et al.33

Copyright 2021 American Chemical Society.
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Double-headed ATRP initiator was synthesized as previously
described.19 Avidin–Br2 conjugates were synthesized by mixing
avidin (350 mg, 0.022 mmol protein, 0.22 mmol primary amine
groups) with double-headed bromine-functionalized ATRP
initiator (1.53 mmol, 915.7 mg (7 eq.) dissolved in 2 mL DMSO)
in 170 mL of 0.1 M sodium phosphate buffer, pH 8.0. The
reaction was stirred at 4 �C for 2 h and then dialyzed against
25 mM sodium phosphate, pH 8 using dialysis tubing with
a molecular weight cut off of 15 kDa, for 24 h at 4 �C.

2.2.2 Preparation of Cu–MMA as deoxygenated catalyst
solution. 100 mM CuCl2 in deionized water (1.2 mL, 120 mmol)
was bubbled with N2 for 25 min and then 100 mM sodium
ascorbate in deionized water (100 mL, 10 mmol) was added. MMA
(49 mL, 144 mmol) was added to the copper suspension bubbled
with N2 for 3 min. The deoxygenated Cu–MMA solution was
added to the synthesis vessel immediately.

2.2.3 ATRP from single-headed ATRP initiator modied
avidin. A solution of monomer (36 mg for targeted DP 50 and
142 mg for DP 200 of CBMA, and 78 mg for DP 50 and 313 mg
for DP 200 of OEGMA) and avidin–single-headed initiator
conjugate (6.8 mg, 3.1 mmol of initiator) in 25 mM phosphate
and 50 mM NaCl buffer (pH 8.0) was sealed and bubbled with
N2 for 30 min, then 350 mL of the deoxygenated Cu–MMA
solution as mentioned above was added to the polymerization
reactor under N2 bubbling. The mixture was stirred at 4 �C for
4 h. The obtained conjugate was isolated by dialysis with 25 kDa
molar mass cutoff dialysis tube in mixture of 25 mM phosphate
buffer (pH 7.0) and deionized water at 4 �C, and then
lyophilized.

2.2.4 ATRP from double-headed ATRP initiator modied
avidin. A solution of monomer (59 mg for targeted DP 50 and
235 mg for DP 200 of CBMA, and 128 mg for DP 50 and 510 mg
for DP 200 of OEGMA) and avidin–double-headed initiator
conjugate (6.8 mg, 5.1 mmol of initiator) in 25 mM phosphate
and 50 mM NaCl buffer (pH 8.0) was sealed and bubbled with
13850 | Chem. Sci., 2021, 12, 13848–13856
N2 for 30 min, then 550 mL of the deoxygenated Cu–MMA
solution as mentioned above was added to the polymerization
reactor under N2 bubbling. The mixture was stirred at 4 �C for
4 h. The obtained conjugate was isolated by dialysis with 25 kDa
molar mass cutoff dialysis tube in mixture of 25 mM phosphate
buffer (pH 7.0) and deionized water at 4 �C, and then
lyophilized.

2.3 Analytical methods

2.3.1 MALDI-ToF. MALDI-ToF measurements were recor-
ded using a PerSeptive Voyager STR MS with nitrogen laser (337
nm) and 20 kV accelerating voltage with a grid voltage of 90%.
500 laser shots covering the complete spot were accumulated
for each spectrum. For determination of molecular weights of
synthesized modied protein with initiator, sinapinic acid
(10 mg mL�1) in 50% acetonitrile with 0.4% triuoroacetic acid
was used as matrix. More details on MALDI-ToF studies can be
found in ESI.†

2.3.2 Size exclusion chromatography (SEC). Number and
weight average molar masses (Mn andMw) and their dispersity Đ
(Mw/Mn) of hydrolyzed polymer chains were estimated by SEC
on a Water 2695 Series with a data processor, equipped with
three columns (Waters Ultrahydrogel Linear Column, 500 and
250), using Dulbecco's Phosphate Buffered Saline with 0.02 wt%
sodium azide as an eluent. Pullulan standards were used for
molar mass determination. More details on hydrolysis and SEC
can be found in ESI.†

2.3.3 Asymmetrical ow eld-ow fractionation with four-
fold detection (AF4-D4). AF4 measurements were carried out on
an Eclipse DUALTEC system (Wyatt Technology Europe, Ger-
many) with a 10 mM PBS buffer (pH 7.4) as mobile phase.
Regenerated cellulose membrane (molecular weight cut-off 10
kDa) was employed as accumulation wall (Superon GmbH,
Germany). The detection system consisted of a MALS detector
(DAWN HELEOS II, Wyatt Technology, US) operating at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a wavelength of 659 nm with online DLS detector (QELS
module, Wyatt Technologies, US) which is an add-on unit
connected to the 99� angle of the MALLS, a variable wavelength
detector (Agilent Technologies, US) set to 280 nm and an
absolute refractive index (RI) detector (Optilab T-rEX, Wyatt
Technology, US) operating at a wavelength of 658 nm. More
details on AF4-MALS studies can be found in ESI.†
3 Results and discussion
3.1 Polymer-based protein engineering of avidin with
zwitterionic and neutral polymers

Avidin–polymer conjugates were synthesized with varying
polymer graing density, polymer chain length and polymer
type using graing-from ATRP (Fig. 2). The avidin surface was
rst modied with either single or double-headed initiators as
described previously.19 The number of modied amino groups
was determined using MALDI-ToF mass spectrometry. Single-
graed avidin–polymer conjugates were synthesized from 35
single-headed initiator modied avidin (Fig. S2†) while
double-graed conjugates were produced from 29 double-
headed initiator attached avidin (Fig. S3†). Two different
chain lengths (short and long) of two different polymer types
(zwitterionic poly(carboxybetaine methacrylate) and neutral
poly(oligo(ethylene glycol) methacrylate)) were selected to be
polymerized to avidin and analyzed by AF4-D4. To obtain
a suitable comparison of the properties and solution behavior
of polymers and protein–polymer conjugates, the non-
conjugated polymers were also investigated using AF4-D4
(Table S1†). SEC analysis and bicinchoninic acid (BCA)
protein assay of single-graed polymers and avidin–polymer
conjugates results were reported previously.37 Avidin is
a tetrameric protein with four identical subunits. For SEC
analysis, when estimating overall avidin–polymer conjugate
molar mass, the calculations used monomeric avidin with
Fig. 2 Surface-initiated synthesis of single-grafted and double-grafted
polymer ligands.

© 2021 The Author(s). Published by the Royal Society of Chemistry
polymers. Due to nondestructive nature of AF4, in a channel-
based separation, avidin conjugates elute in their tetrameric
form. Therefore, intrinsic conjugate molar masses determined
from AF4-D4 are those of tetrameric avidin with polymers. For
an easier comparison of AF4 results to conventional SEC and
BCA assays, we recalculated the molar masses from SEC and
BCA for tetrameric avidin–polymer conjugates (Table S2†). The
polymer chain length was controlled by variation of the
monomer to initiator ratio in ATRP solution (targeted DPs of
50 and 200). Conjugates were puried via dialysis and then
lyophilized.
3.2 Avidin–polymer conjugates molar mass estimation using
SEC and BCA protein assay

Aer purication, conjugates were characterized using BCA to
determine protein content in the conjugates and then used to
estimate conjugate molar mass and polymer DP. Targeted DPs
were 50 and 200 andmeasured DPs from BCA assay were 32 and
62 for single-graed avidin-pCBMA and 17 and 26 for double-
graed avidin-pCBMA, while for single-graed avidin-
pOEGMA DPs were 14 and 26 and for double-graed avidin–
pOEGMA conjugates they were 10 and 19 (Table S2†).

Acid induced polymer cleavage followed by SEC was per-
formed to determine polymer's molar mass and Đ. For pCBMA
DPs of 41 and 172 in single-graed and 21 and 206 in double-
graed conjugates were found, while pOEGMA show DPs of
19 and 104 in single-graed and 21 and 197 in double-graed
conjugates (Table S2†).

Our goal herein was to develop a characterization approach
that could provide accurate and precise physical properties for
tightly and weakly controlled ATRP reactions. The very large and
disperse complexes that were generated in the more complex
conjugates were particularly useful to test the limits of BCA,
SEC, and later AF4.
avidin conjugates using zwitterionic pCBMA and neutral pOEGMA

Chem. Sci., 2021, 12, 13848–13856 | 13851
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It was interesting that BCA assay and SEC showed signi-
cantly different DPs for longer polymer chains. The difference
can be ascribed to different characterization principles and
assumptions in result interpretation. Indeed, this is one of the
central problems of current ways to characterize protein–poly-
mer conjugates. In SEC, polymer–column enthalpic interac-
tions (Fig. S14†) and calculation of molar mass in reference to
a calibration standard can lead to a signicant bias of the
resulting data. It is critical to note that SEC separates according
to size and not to molar mass. To accurately convert size into
molar mass, calibration standards must be of identical
conformation and density as the analyte.24 Due to the lack of
calibration standards for protein–polymer chimeras the poly-
mers have to be cleaved from protein by acid treatment.
Conjugates with high-graing densities and long polymer
chains can prevent the full cleavage and result in some poly-
mers that are still linked to peptide fragments. This will
increase heterogeneity of the analyte and thereby affect both Đ
and the molar mass calculations.23

In the BCA assay, characterization relies on accurate deter-
mination of protein concentration in the sample. Using protein
concentration one can calculate the molar ratio of protein to
polymer and conjugate's molar mass. Here the challenge is to
accurately determine the protein content of conjugates that
have high graing polymer densities and long polymer chains,
which then can result in misinterpretations of results.
3.3 AF4-D4 studies of avidin–protein conjugates

3.3.1 Separation and characterization of conjugates. The
application of AF4 in combination with a multi-detection
Table 1 AF4-D4 results of avidin–polymer conjugates

Mn
a

(kg mol�1)
Mw

a

(kg mol�1)
Đ
(Mw/Mn)

Polym
per a

Zwitterionic polymers
C1 Single-graed avi-

pCBMAshort
383 517 1.35 7.9

C2 Single-graed avi-
pCBMAlong

741 1250 1.69 6.3

C3 Double-graed avi-
pCBMAshort

159 386 2.43 n.d.

C4 Double-graed avi-
pCBMAlong

395 867 2.19 n.d.

Neutral polymers
C5 Single-graed avi-

pOEGMAshort

488 797 1.63 6.5

C6 Single-graed avi-
pOEGMAlong

641 1540 2.40 3.5

C7 Double-graed avi-
pOEGMAshort

298 904 3.03 2.3 (4

C8 Double-graed avi-
pOEGMAlong

2320 11 800 5.09 7.8 (1

a Calculated with determined dn/dc ¼ 0.154 mL g�1 for pCBMA conjug
functionalities per avidin molecule (calculated by Mn of conjugate C, su
specic polymer F). c Determined at the peak maximum of DRI signal. d

dn/dc and exact sample load.

13852 | Chem. Sci., 2021, 12, 13848–13856
system offers a variety of benets in the characterization of
bioconjugates.27 A single run opens up a portfolio of parameters
which can be simultaneously collected. The determination of
absolute molar masses by AF4-MALS eliminates the need for
relative molar mass calibration and increases the quality of the
results. Compared to relative determination methods and
related estimation of molar masses such as SEC of hydrolyzed
polymers or BCA, AF4-MALS allows direct and absolute analysis
of the unaffected conjugates. Aer the separation of the
conjugate according to hydrodynamic diffusion properties
concentration sensitive detection (UV and RI) and size-sensitive
detection (MALS and DLS) is performed (Fig. 1).

The complete library of single-graed polymers with varied
physical and chemical properties and the corresponding
conjugates have been characterized by AF4-D4, the results are
summarized in Table 1. Additionally, more detailed interpre-
tations and all fractograms can be found in the ESI.†

In Fig. 3, estimated conjugate molar masses of SEC and BCA
assay are compared with the absolute molar masses determined
by AF4-D4.

The molar masses obtained by SEC were signicantly
different from those determined by the BCA assay and the AF4-
D4 (which were similar to each other). This strong discrepancy
in SEC data may have been due to the incomplete hydrolytic
cleavage of the polymer ligands and the resulting over-
estimation of the molar masses. Furthermore, molar mass
determination is affected by the relative calibration with pul-
lulan standards. The conformational properties of this poly-
saccharide are not comparable to those of zwitterionic pCBMA
or neutral pOEGMA. The quantication of avidin by BCA and
er chains
vidinb

Rg
(nm)

Rh

(nm)
r

(Rg/Rh)
c

Apparent density
(kg m�3)

Recoverye

(%)

16.3 15.0 0.97 22.0 93

23.0 24.6 0.97 18.9 92

17.2 16.5 0.94 14.0 95

24.7 23.6 1.05 10.6 88

19.1 20.0 0.92 21.1 90

31.2 32.5 1.07 9.3 92

.6d) 28.9 28.0 0.91 6.6 91

5.6d) 109 66.6 1.38 1.7 97

ates and 0.139 mL g�1 for pOEGMA conjugates. b Average number of
btracted by Mn of macroinitiator (68 kg mol�1) and divided by Mn of
Single polymer segments per double-headed initiator. e Calculated by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of differently determined conjugatemolar masses,
estimated Mn by SEC (grey square), estimated Mn by BCA assay (red
triangle) and absolute Mn by AF4-D4 (blue circle).
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the estimation of related conjugated polymer amount was in
better agreement with the AF4-D4 results. Only conjugate C8
showed deviation in the molar mass determined by these two
methods. A deeper look into conformational properties helped
clarify these inconsistencies, as discussed below.

It should be noted that the average number of effectively
coupled polymer chains per avidin was less than the number of
available sites for all conjugates, as determined by MALDI
(accessibility of primary amines). ATRP of free single-graed
polymers and single-graed avidin–polymer conjugates
should yield molecules with similar polymer properties.

In addition, the synthesis and conjugation processes are
statistical in nature, leading to different chain lengths of the
polymers as indicated from the broad molar mass distribution
determined via AF4-D4. Physical properties such as chain
stiffness or exibility, which are determined by the chemical
nature, can have an inuence on the dispersity and the result-
ing conjugate architecture. Therefore, the determination of the
conformational properties is essential when seeking to under-
stand the resulting conjugate dispersity. In former studies,25,35 it
was demonstrated that differences in chemical composition
and structural parameters caused a broad heterogeneity and
dispersity instead of well-dened architectures.

3.3.2 Conformation at the nanoscale in one run. The
process of data evaluation for conformational elucidation at the
Fig. 4 Interpretation approach by AF4-D4 of native avidin (black), pCBM
fractograms with LS (solid line) and RI (dashed line) detector signals and
(symbols) and molar mass distributions (solid lines) vs. molar masses; (c)
lines) vs. molar masses; and (d) r(Rg/Rh) parameter (symbols) and molar

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanoscale was similar for all architectures and is demonstrated
using the conjugate of avidin and the long, zwitterionic pCBMA
as an example (Fig. 2).

The fractograms in Fig. 4a show the separation of the indi-
vidual components (native avidin, pCBMAlong (F2) and avidin-
pCBMAlong conjugate (C2)) detected at different elution times.
The later the elution, the lower the diffusion coefficient and,
accordingly, the larger the hydrodynamic volume or molar
mass. In addition to the absolute molar masses and radii (Rg

and Rh) obtained from MALS and DLS detection, information
about conformations at the molecular level was also obtained.
For example, changes in the radii of gyration as a function of
molar mass provided information about the scaling properties
of the conjugate in the respective solvent. The slope n (0.50) of
the scaling plot for pCBMA in Fig. 4b was typical for statistical
coils in theta-solvent (see ESI†).31 Aer the formation of conju-
gates, the scaling parameter of C2 (n ¼ 0.36) revealed a more
compact conformation that approximated a spherical shape.
Due to the small size of native avidin and the narrow dispersity,
no scaling plot could be generated.

Further data processing allowed the calculation of the
apparent densities. These densities provided information about
molecular compactness. Compared to the pure polymer chain,
the conjugate exhibited a signicantly higher dapp (Fig. 4c). For
both, the polymer and the conjugate, it was noticeable that the
dapp increased with increasing molar masses, passed through
a maximum and then dropped again. Closer inspection of the
ratio of Rg and Rh, known as the r parameter, revealed the
conformation of the conjugates even more precisely and
conrmed our previous observations (Fig. 4d). While r(Rg/Rh)
for the F2 was in the range for exibly coiled chains, the
conjugate possessed values of around 1. According to the liter-
ature, these r(Rg/Rh) values are typical for spheres with rather
heterogeneous surfaces. This behavior has also been observed
for polymeric vesicles such as polymersomes.32,38,39

3.3.3 Conformational changes depending on ligand varia-
tion. Comparative observation of the conformation of single-
graed conjugates with both zwitterionic pCBMA (C1 and C2)
and neutral pOEGMA (C5 and C6) led to the conclusion that the
chain length had a decisive inuence on the structural prop-
erties of the conjugate. Thus, the longer the polymer chains, the
larger the molar masses and radii and the broader the dispersity
Along (red) and single-grafted avidin-pCBMAlong conjugate C2 (blue), (a)
molar masses vs. elution time, (b) scaling plots, radius of gyration (Rg)
dapp, apparent densities (symbols) and molar mass distributions (solid
mass distributions (solid lines) vs. molar masses.
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(Table 1). On the other hand, a decrease in density was observed
(Fig. S10 and S12†). Since avidin forms a compact core around
the mass centre of the conjugate, these data are to be expected.
The single-graed chains, in contrast, form a less dense shell
around this core. With increasing chain length, the overall
density of the conjugates decreased, while their size (Rg)
increased. Regardless of the length of the polymer chain, the
maximum density of all samples was at the maximum of the
DRI signal. Thus, the major sample fraction possessed the
highest apparent density.

The r(Rg/Rh) parameters (r ¼ 0.97) of the zwitterionic
conjugates (C1 and C2) and the neutral C5 in this area were
characteristic for globular, sphere-like conformations with
a well-dened surface (Fig. 5). An increased heterogeneous
surface was observed for the neutral avidin–pOEGMA conjugate
with long polymer ligands (C6). Here, the r parameter was
slightly higher (r ¼ 1.07), which was characteristic for
a compact, globular shape possessing a rough surface.

This behaviour was an indication that the conformational
properties of the polymer chains had an inuence on the
conjugate shape. Although this may seem obvious, this is the
rst time that a single run technique could tease apart the
intricacies of the protein–polymer conjugate formation. The
scaling plots (Fig. S9†) of the individual polymers F2 and F4
conrmed this assumption. While the polymer chains of the
zwitterionic pCBMA (F2) were clearly more exible and more
Fig. 5 (a) r(Rg/Rh) parameters (symbols) and differential weight frac-
tions (dashed lines) as a function of molar mass of single-grafted
conjugates C1 (dark blue); C2 (bright blue); C5 (red) and C6 (orange);
and (b) r(Rg/Rh) parameters at concentration maximum of all zwit-
terionic (circles) and neutral (diamonds) avidin conjugates with
proposed schematic structures.

13854 | Chem. Sci., 2021, 12, 13848–13856
coiled (n ¼ 0.5), the neutral POEGMA (F4) showed a more
elongated conformation (n ¼ 0.75). In turn, the double graed
F6 of similar chemical origin as F4 shows again the typical
reduction of the scaling parameter due to the compact,
branching conformation. Finally, the more exible polymer
chains of C2 compensated for different degrees of polymerisa-
tion and generated a uniform conjugate surface. In contrast, the
differences in chain length of the rigid polymer molecules aer
conjugation formed a rather rough surface for C6.

This becomes even clearer when considering the double-
graed conjugate structures, which contained higher
numbers of polymer chains grown-from double-headed initia-
tors. The formation of double-graed avidin-conjugates with
short polymers (C3 and C7) led to comparable spherical
conformations as observed for single-graed C1 and C5 inde-
pendent on the polymer chemistry. However, an increase of
radii and a decrease in apparent density was observed for the
double-graed C3 and C7 (Fig. S11 and S13†).

A completely different behaviour was observed in the case of
double-graed, neutral avidin conjugate with long pOEGMA
(C8). Here, molar masses, dispersity and radii were signicantly
higher compared to the other conjugates, but their apparent
density was extremely low (Table 1). The reason for this can be
found in their specic structure and conformation. The r(Rg/Rh)
parameter of C8 was signicantly higher (1.38). This value is
typical for irregular, clustered or branched chain conforma-
tions. In addition, an extremely low apparent density was
observed. These two observations lead to the conclusion, that
structures with a large hydrated shell around the avidin–poly-
mer conjugate had been generated. A comparable behaviour
was demonstrated for a similar polymer-conjugate system by
molecular dynamic simulations.40 A few highly hydrated, very
long and stiff polymer chains, in addition to shorter chains
resulted in high radii with low apparent densities. These
structures can be classied as micelles, but with a heteroge-
neous polymer chain distribution (Fig. 5b). Additionally, the
very broad distribution and high molar masses indicated the
formation of a heterogeneous network, constructed of several
avidin molecules. One reason for that could be aggregation. We
systematically investigated the interaction of non-conjugated
polymers with each other and with avidin by mixing variation
of free polymer chains with native avidin. No shis to higher
molar masses or radii were observed and native avidin and free
polymers eluted separately (Fig. S6d†). Thus, the interaction
between single polymer chains and conjugates was excluded.

However, as mentioned earlier, the average number of
available graing sites for the polymer ligands per avidin
molecule was 35 single-headed initiators and 29 double-headed
initiators, respectively. Steric reasons could also have led to
structures with longer polymer chains. At the same time,
unreacted initiators were possibly still present.

Unfortunately, a statistical calculation of the polymer or
avidin distribution within the conjugates was not possible due
to absorption of both components at the applied wavelength (l
¼ 280 nm) of the UV detector. Here, a labelling of the protein
could help. However, the introduction of a marker group could
also change the solution properties and AF4 membrane
© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions signicantly. Furthermore, uorescence effects in
the wavelength range of the laser must be avoided when using
light scattering detection.

4 Conclusions

AF4-D4 shows that the formation of polymer–protein conju-
gates depends on the physicochemical properties of the poly-
mer chains. As an example, two polymer types (zwitterionic
pCBMA as well as neutral pOEGMA) with different chain
lengths, single-graed and double-graed conjugate architec-
tures were generated and characterized. To correlate the
conformation properties with the chemical nature, asymmet-
rical ow eld ow fractionation in combination with a multi-
detection system was used. The AF4-D4 hyphenation allows to
generate the data needed for determination of a series of
structural parameters, which can be correlated only if they are
collected simultaneously. The data evaluation enabled
a comprehensive elucidation of the structures with the help of
the conformational properties and contributed to a remarkable
understanding of the conjugation processes. It has been shown
that polymer exibility and hydration have a major inuence on
the properties in solution such as shape and apparent density.
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