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The rate at which colloidal particles can form biomolecular bonds controls the kinetics of applications
such as particle-based biosensing, targeted drug delivery and directed colloidal assembly. Here we study
how the reactivity of the particle surface depends on its molecular composition, quantified by the inter-
particle rate of aggregation in an optomagnetic cluster experiment. Particles were functionalized with
DNA or with proteins for specific binding, and with polyethylene glycol as a passive surface crowder. The
data show that the inter-particle binding kinetics are dominated by specific interactions, which surpris-
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ingly can be tuned by the passive crowder molecules for both the DNA and the protein system. The
experimental results are interpreted using model simulations, which show that the crowder-induced
decrease of the particle surface reactivity can be described as a reduced reactivity of the specific binder

rsc.li/nanoscale molecules on the particle surface.
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Introduction

The behaviour of biofunctionalized colloidal particles in
complex biological systems is determined by both specific and
nonspecific interactions, each conferred to the particle by
different molecular means. Specific binding functionality is
conferred to the particles by coupling macromolecules with
specific binding affinities to the particle surface, such as
antibodies,"” oligonucleotides,>" or aptamers.>® Nonspecific
interactions can be controlled by providing e.g. charges’ or
hydrophilic polymers®® on the particle surface, in order to
stabilize the particles and achieve low biofouling properties.
The specific and nonspecific binding properties of biofunc-
tionalized particles have been studied in biochemical assays as
well as in biophysical experiments. An example of a biophysi-
cal experiment is colloidal probe atomic force microscopy
(AFM), to measure force-distance curves in liquids between a
single micrometer sized colloidal probe and a surface or a
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second particle.'® The potential energy landscape of functiona-
lized particles above a substrate has been explored using total
internal reflection microscopy (TIRM),""" and the inter-
actions between two functionalized particles using optical
tweezers."* However, these methods cannot quantify the bio-
molecular reactivity of colloidal particles.

In this paper we quantify the biomolecular reactivity of
functionalized colloidal particles in an optomagnetic cluster
(OMC) experiment.'”” The OMC experiment was originally
developed for rapid and sensitive biomarker quantification by
measuring the equilibrium aggregation state of a colloidal
solution." Ranzoni et al showed subpicomolar detection
of specific proteins in buffer and in blood plasma using
antibody-coated particles. Recently, we demonstrated that the
OMC experiment allows quantification of the nonspecific
kinetic rate of dimer formation k4, within an ensemble of bio-
functionalized particles.'® The parameter k,q, represents the
rate at which biochemical inter-particle aggregation occurs, for
particles that are in a well-defined state of proximity. In the
OMC experiment, the proximal state is created and controlled
by an attractive magnetic inter-particle force. The aggregation
rate kagg is a measure of the inter-particle surface reactivity and
represents the particle equivalent of the molecular association
rate kop-

The aggregation rate of colloidal particles has contributions
from specific and nonspecific interactions, which are often
studied independently. For example, passive hydrophilic mole-
cules have been applied in order to form a crowded layer that
generates steric repulsion between particles.*? In the study of
this paper, we hypothesize that the steric repulsion by hydro-

Nanoscale, 2020, 12, 14605-14614 | 14605


www.rsc.li/nanoscale
http://orcid.org/0000-0001-5197-6212
http://orcid.org/0000-0002-9788-7298
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr03125a&domain=pdf&date_stamp=2020-07-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03125a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012027

Open Access Article. Published on 15 June 2020. Downloaded on 4/3/2026 5:11:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) (b)

inter-particle sandwich binding

binder1

analyte

sandwich
reaction

surface
&

binder 2

View Article Online

Nanoscale
[analyte] measure kagg
analyte capture mag. field induced
(6 min.) aggregation

(C) no surface crowder

to analyte

Aggregation rate

aggregation due

1
reduction )
& \
due to crowder
'

I saturation

[ analyte]

Fig. 1 Study of inter-particle biomolecular reactivity as a function of surface-crowding PEG molecules. (a) Particle dimers are formed in a sand-
wich-type aggregation assay, with specific binder molecules on the particle surface (binder 1 and binder 2) and specific bridging molecules called
analyte. The particle is also functionalized with PEG crowders, to investigate the influence of the PEG molecules on the specific particle aggregation
process. (b) The assay consists of an analyte capture phase of 6 min, and subsequently an aggregation rate measurement using optomagnetic detec-
tion.® (c) The aggregation rate is measured as a function of analyte concentration. The experiments show that PEG molecules on the particle

surface reduce the specific aggregation rate.

philic surface crowders might affect not only nonspecific inter-
actions between particles, but may also have an effect on
specific inter-particle interactions. To test this hypothesis, par-
ticles were provided with a coating consisting of specific binders
(antibodies or DNA oligonucleotides) and passive polyethylene
glycol (PEG) molecules of different molecular weights. The
dependence of the particle surface reactivity on the density of
specific binders was studied in a sandwich-type aggregation
assay, where aggregation is induced using a specific bridging
molecule (a protein or an oligonucleotide) called the analyte,
see Fig. 1. The data show that the specific aggregation rate is
reduced, for all analyte concentrations, by the presence of PEG
molecules on the particle surface, as schematically shown in
Fig. 1c. Simulations were performed to interpret the data in
terms of the underlying molecular parameters. The paper con-
cludes with an outlook on reactivity modulations that may be
achieved by further surface engineering.

Results and discussion

Specific particle aggregation quantified for DNA and protein
systems

The specific particle aggregation rate is first investigated for
the DNA system and the protein system without passive
surface crowders. The inter-particle aggregation rate is quanti-
fied using the OMC experiment. This methodology is summar-
ized in section S1 of the ESL.{

In the DNA sandwich system, see Fig. 2a, streptavidin coated
particles were functionalized with biotinylated DNA docking

14606 | Nanoscale, 2020, 12, 14605-14614

strands and DNA filler strands. The docking DNA consists of a
20 bp dsDNA with a 15 nt ssDNA overhang. The filler strands
are similar to the docking strands, but do not have the 15 nt
ssDNA overhang. The maximum docking strand density per
particle was quantified using an indirect supernatant assay,
2iving Gaock,max = (2.0 £ 0.4) x 10* pm™~>. By varying the concen-
tration of docking DNA and filler DNA strands, the docking
strand coverage was controlled (functionalization protocol is
described in Materials and methods section). A complete
description of the DNA strands and the supernatant assay is
given in sections S2 and S3 of the ESI, T respectively.

The DNA analyte is symmetric, with a central 20 bp dsDNA
fragment and on both ends a 15 nt ssDNA overhang that can
bind to the docking DNA on the particles, in this way forming
a specific molecular bridge between two particles. The 15 bp
complementarity ensures that this bond is stable throughout
the complete experiment (~10 min). The DNA coated particles
were incubated with a controlled concentration of analyte DNA
for six minutes. After five minutes of incubation, the OMC
actuation protocol was started, such that during the last
minute of the incubation the first measurement phase was exe-
cuted. Subsequently the actuation phase, waiting phase and
second measurement phase were performed. The aggregation
rate k,q, was then determined using eqn (S1).}

Fig. 2b shows the measured aggregation rate as a function
of the analyte concentration scaled to the particle concen-
tration, for four different docking strand coverages on the par-
ticles. Without analyte, the observed aggregation rate is much
lower than the rates observed in the presence of analyte,
demonstrating the high molecular control of the system. For

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Specific particle aggregation rates measured with the optomagnetic cluster experiment. (a) DNA sandwich system consisting of streptavidin
coated particles functionalized with biotinylated DNA docking and filler strands. Specific binding is induced by a symmetric DNA analyte molecule.
(b) Measured aggregation rate as a function of the DNA analyte concentration for particles with different densities of DNA docking strands. The lines
through the data points represent simulation results. The input parameters of these simulations can be found in ESI section S6.1 (c) Antibody sand-
wich system consisting of carboxylic acid coated particles functionalized with a matching pair of anti-PSA antibodies. The PSA molecules form
specific molecular bridges between the particles. (d) Measured aggregation rate as a function of the PSA concentration for particles functionalized
with different concentrations of PSA antibodies. The lines through the data points represent simulation results. The input parameters of these simu-

lations can be found in ESI section S6.1

analyte-to-particle-ratios below 10°, the aggregation rate
increases with analyte concentration by two effects. First,
having more analytes per particle increases the probability that
an analyte molecule is present in the interaction area of a
dimer, allowing for specific aggregation of the two particles.
Second, for even more analytes per particle, all dimers have
analytes in their interaction area and an increase in the
number of analytes in the interaction area increases the par-
ticle reactivity. For analyte-to-particle-ratios around 10°, the
aggregation rate reaches a maximum value. At this point the
system is in its most reactive state, which implies that half of
the docking strands is covered with an analyte strand. For
analyte-to-particle-ratios higher than 10°, the aggregation rate
decreases because the docking strands on the particle surface
become saturated with analyte strands, so there are no free
docking strands on the particles anymore. Note that the actual
number of analytes per particle may be lower than the indi-
cated analyte-to-particle ratio, due to the short incubation time
of six minutes.

The docking strand surface density was also varied in this
experiment. The total number of DNA strands on the particles
was kept constant by saturating the surface with filler strands,

This journal is © The Royal Society of Chemistry 2020

in order to keep the electrostatic repulsion constant. For each
non-zero analyte concentration, the particles with a higher
docking strand coverage aggregate faster. For a docking strand
surface density cgeer < 5.1 X 10> pm™>, the aggregation rate is
measurable for the complete analyte concentration range. For
a binder density of 6gecx = 2.0 x 10* pm™> and analyte-to-par-
ticle-ratios above 4 x 10?, the aggregation rate is equal to the
experimental limit of 0.1 s™". Under these conditions, the par-
ticle surface is so reactive that all magnetic dimers chemically
aggregate during the interaction time in the experiment.

In the antibody sandwich system, see Fig. 2c, carboxylic
acid coated Ademtech Masterbeads were functionalized with a
matching pair of anti-PSA antibodies (a-PSA10 and «-PSA66)
via EDC-NHS chemistry (complete functionalization protocol
is described in Materials and methods section). Note that each
particle contains both types of antibodies. In the presence of
PSA, the particles can specifically aggregate by sandwiching a
PSA molecule between an oa-PSA10 antibody on one particle
and an a-PSA66 antibody on the other particle, or vice versa.
The particle surface reactivity was varied by varying the anti-
body concentration during the particle functionalization and
the incubation with the PSA analyte. Fig. 2d shows the

Nanoscale, 2020, 12, 14605-14614 | 14607
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measured aggregation rate as a function of the PSA concen-
tration scaled to the particle concentration, for three different
antibody concentrations. The PSA incubation time was six
minutes.

The measured aggregation rate of the antibody coated
particles shows a similar analyte concentration dependence
as the DNA sandwich system. For increasing PSA
concentrations the aggregation rate initially increases w.r.t. the
nonspecific aggregation rate. For PSA-to-particle-ratios
between 10° and 10% the aggregation rate reaches its
maximum value and for the highest antibody concentration
reaches the experimental limit. For PSA-to-particle-ratios
higher than 10 the aggregation rate decreases due to satur-
ation of the antibodies on the particle surface. A control
experiment was performed in which the aggregation rate was
measured for particles functionalized with only a single type
of antibody. Fig. S41 shows that the aggregation rate of the
control does not depend on PSA concentration, thus confirm-
ing that the PSA induced binding is only possible for a match-
ing antibody pair.

The particle aggregation process is not only determined by
the surface reactivity of the particles, but also by the particle
encountering process. Previous measurements performed by
Ranzoni et al.' on a comparable antibody sandwich system
showed that the equilibrium particle cluster concentration as a
function of PSA concentration is sensitive in the range of
0.2-200 PSA per particle. The aggregation rate measurements
described here show a PSA dependence in the range of
300-3000 PSA per particle. The difference in PSA dynamic
range is caused by the different particle encountering pro-
cesses. Ranzoni et al. used multiple short magnetic field
pulses, whereby magnetic dimers were brought in close proxi-
mity many times for a short interaction time. Each time a
different interaction area on the particle was probed, such that
even particles with a single PSA molecule are at some point in
the correct orientation for binding. For a PSA concentration
that is much larger than the particle concentration, all par-
ticles can aggregate and the equilibrium state is always the
fully clustered state. In the experiments of this paper, we
measure the aggregation rate by bringing dimers in close
proximity only once for a longer interaction time. For [PSA] ~
[particle], most magnetic dimers will not have their binding
sites aligned, and therefore the aggregation rate cannot be dis-
tinguished from the nonspecific interaction. For [PSA] > [par-
ticle], all magnetic dimers can aggregate if the antibody
surface density is sufficiently high.

Simulating specific particle aggregation

To interpret the measured aggregation rates, a stochastic
binding simulation was developed which mimics the specific
aggregation process in the OMC experiment. Briefly, during an
actuation time ¢, magnetic dimers are formed at a constant
rate (as shown in section S1 of the ESIf). Each dimer has a
probability to chemically aggregate which depends on several
parameters that are included in the simulation: the binder and
analyte density on the particle surface, the intrinsic molecular

14608 | Nanoscale, 2020, 12, 14605-14614
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analyte-binder binding rate, and the interaction time of the
magnetic dimer. For all magnetic dimers it is checked if
chemical aggregation occurs, after which the average aggrega-
tion rate of the ensemble of particles is calculated according to
eqn (S1).t The resulting aggregation rates are then compared
to the experimental results.

In the simulation, particles are modelled as spheres with
radius R and a binder surface density op (either DNA docking
strands or antibodies) where the number of binders per par-
ticle follows a Poisson distribution. For a given analyte concen-
tration [A] and a given binder areal surface density o, the rate
at which analytes from the solution bind to the binders on the
particle surface during the incubation time is described by

eqn (1).

9% _ fonlAlo 1)

Here, o,p represents the particle surface density of bound
analytes. k., is the association rate between analyte and
binder, for a binder on a particle surface and analyte in solu-
tion. Using eqn (1) we can numerically calculate the analyte
surface density after the incubation time ¢;,. as a function of
the analyte concentration in solution.

During the actuation time, magnetic dimers are created at a
constant encounter rate ke, neglecting monomer depletion
and the formation of larger clusters (as justified in section S17
and ref. 15). For two particles that are magnetically attracted to
become a dimer, we define an interparticle distance Ax with a
cylindrical interaction volume defined as schematically shown
in Fig. 3a. The length of the cylindrical volume is limited by
the specific bond length of the interaction, Lynq. For the DNA
sandwich system this is taken as the length of the hybridized
docking-analyte-docking DNA complex (~31 nm), whereas for
the antibody system it is taken as the length of the antibody-
antigen-antibody sandwich (~35 nm).

The interaction volume defines an interaction area at the
particle surfaces in which the analytes on one particle can
form bonds with the binders on the other particle, and vice
versa. The specific particle aggregation rate depends on the
surface reactivity of the particles and can be expressed in
terms of the analyte areal density o, (analyte A bound to
binder B) and the free binder areal density og. The rate of for-
mation of chemical bonds between two interacting surfaces is
described by kenem, expressed in unit pum”> s7'. This
describes the rate of bond formation between one particle with
unit binder density and another particle with unit analyte
density, averaged over all possible configurations of the
binders and analytes in the interaction area on the
particles. The rate kcpem depends on the molecular interaction
and the distance between the interacting surfaces. For two
particles, the interacting surfaces are curved and the
interaction distance is a function of the position in the inter-
action area.

The density of bonds that is formed between analytes
on particle 1 and binders on particle 2 and vice versa

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Particle aggregation simulations with different input parameters kon, Kchem: Ax. (@) Definition of interaction volume where the interaction
areas on the two particles can form chemical bonds. The size of the interaction area depends on the maximum bond length (Lpong ~35 Nm for anti-
body sandwich system and Lpong ~31 nm for DNA system) and on the interparticle distance Ax. (b) Simulated aggregation rate as a function of the
analyte-to-particle ratio, for different analyte association rate constants ko, (Kchem = 2 X 107 umz st and Ax = 19 nm). Increasing the association rate leads
to a shift of the curve to lower analyte concentrations. (c) Parameter scan of the chemical aggregation rate Kcnem (kon = 106 M~* s~ and Ax = 19 nm).
For higher kcnem, the aggregation rate increases. (d) Parameter scan of the interparticle distance Ax (kon = 106 Mt s and Kkehem = 2 X 1076 pm? s72).
A larger interparticle distance leads to a smaller interaction area and thus lower aggregation rates.

during the interaction time ¢, is numerically calculated using
eqn (2).

dobond
T;n = kchemo'ABgB (2)

The absolute number of bonds between the particles in the
dimer is calculated by multiplying the bond density by the
interaction area, see eqn (3).

Nbonds = ObondAint (3)

In case Npongs = 1, the dimer is marked as a chemical
dimer. In addition to the specific aggregation a constant
nonspecific aggregation rate kchem,ns iS included in the simu-
lation. Similar to the experiment, the ensemble average aggre-
gation rate kg, is calculated, see eqn (S1).F

A parameter scan has been performed to investigate the
effect of several input parameters on the simulated particle
aggregation rate k,g,. In each scan all other parameters were
kept constant at the default value shown in Table S4.7 Fig. 3b-
d show the simulated aggregation rates as a function of the
analyte-to-particle concentration ratio. The simulated curves
resemble the trends observed in the measurements: for low
analyte concentration the aggregation rate increases with

This journal is © The Royal Society of Chemistry 2020

analyte concentration, for intermediate analyte concentration
the aggregation rate reaches a maximum value and for high
analyte concentration the aggregation rate decreases. The posi-
tion of the maximum represents the situation where 50% of
the binders is covered by an analyte.

Fig. 3b shows the simulated aggregation rate for different
analyte association rates k,,. For increasing k,,, the analyte
coverage on the particle is higher at the same analyte concen-
tration, shifting the curves to lower analyte concentrations. In
the limit of an infinite association rate, the analyte coverage
equals the analyte-to-particle concentration ratio until the
surface is saturated with analytes. Fig. S4af shows that for
increasing binder density op the aggregation rate increases and
the position of the maximum shifts to higher analyte
concentrations.

The simulated particle aggregation rate k. depends
strongly on the intrinsic molecular aggregation rate kchem, See
Fig. 3c. For increasing kchem, bond formation occurs faster
which makes the particle surface more reactive, and thus the
aggregation rate increases. The x-position of the maximum of
the curve depends only on o3, i and k., and does not change
with kcpem. However, the height of the maximum does increase
with kchem. Fig. 3d shows that increasing the interparticle dis-

Nanoscale, 2020, 12,14605-14614 | 14609
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tance Ax leads to a decrease in the particle aggregation rate
which can be attributed to a decrease in the interaction area
and the accompanying decrease in the absolute number of
interacting analytes and binders.

The parameter scan for the experimental settings, magnetic
dimer formation rate ke, (Fig. S5bt) and the actuation time
tace (Fig. S5ct) are relatively modest and are explained in more
detail in section S5 of the ESL.{ Adding a nonspecific aggrega-
tion rate to the simulation, kchem,ns = 0.1 s7%, leads to a non-
zero background aggregation, see Fig. S5d.f

The experimentally measured aggregation rates of Fig. 2b
and d are accompanied by simulated aggregation rate curves.
Apart from oy and the parameters relevant for the molecular
system such as Lpong and Kepem,ns, all other input parameters
are kept constant in the simulation. Particle radius R, incu-
bation time ¢;,. and actuation time ¢,.c are known in the experi-
ment and the interparticle distance is estimated to be equal to
the bond length minus the thickness of the two coatings on
the particles (Ax ~19 nm). A complete list of the values of the
input parameters for these simulations is given in section S6
of the ESL.}

The simulated aggregation rate curves for the DNA sand-
wich system in Fig. 2b closely resemble the experimental data.
From this simulation two unknown parameters are obtained:
the analyte association rate ko, = 1.5 x 10® M™' s7' and the
intrinsic chemical aggregation rate kepem = 5.0 x 10™% um?* s,
The association rate obtained here, is similar in magnitude to
the association rate measured for similar sized DNA oligonu-
cleotides bound on the surface of a graphene field-effect tran-
sistor.'® For the highest possible DNA docking strand density
on the particle, the analyte association rate seems to be lower.
Fig. S7t shows the measured aggregation rate for ogee =
2.0 x 10* pm ™~ accompanied by simulations using k,,, = 1.5 x 10°
M~ ' s ' and k,, = 1.0 x 10° M~ s™'. The data and simulation
agree best for the lower association rate. At this high DNA
docking strand density, association of the negatively charged
DNA analyte from the solution may be hindered by the nega-
tive charge on the particle.

The simulations of the antibody sandwich system are
shown in Fig. 2d. The data give k,, = 1.9 x 10° M~' 5" and
kenem = 9.5 X 107 pm? s7'. The association and the intrinsic
chemical binding rate for the PSA antibody system are lower
compared to the DNA sandwich system. Apparently, DNA
hybridization is faster than antibody-antigen binding, which
is probably due to multiple orientations in which DNA oligos
can start hybridizing, while the reaction between an antibody
and an antigen is orientationally much more restricted.

Tuning the specific aggregation rate using passive surface
crowders

In this section we investigate if it is possible to tune the
specific reactivity of particles by incorporating PEG molecules
on the particle surface. For the DNA sandwich system the par-
ticles were coated with a lower density of biotinylated DNA
docking strands and the remainder of the surface was satu-
rated with biotin-PEG, see Fig. 4a. The DNA docking strand
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density was quantified to be 6gec = (5.6 = 0.5) x 10° pm™2, so
28% of the docking strand capacity, leaving room for immobil-
ization of PEG molecules. After saturation of the particles with
PEG, multiple magnetic washing steps are performed, so there
is no free PEG in the solution during the aggregation rate
measurements.

Fig. 4b shows the measured aggregation rate as a function
of the analyte-to-particle ratio, for DNA particles coated with
10, 20, 30 or 40 kDa PEG or without PEG. The 10 and 20 kDa
PEG curves are very similar to the measurement without PEG,
with a small shift of the 10 and 20 kDa curves to higher
analyte concentrations. Such a shift of the curve along the con-
centration axis has been observed in the parameter scan of the
simulation for a decreasing association rate k,,,. Consequently,
one might hypothesize that the presence of the PEG close to
the docking strands may hinder the association of analytes on
the docking strands.

The nonspecific interaction (at zero analyte concentration)
is higher for the 10 and 20 kDa PEG coated particles compared
to the 0, 30 and 40 kDa PEG coated particles, possibly caused
by nonspecific PEG-DNA interaction.'” The Flory radius of a
10 kDa PEG molecule (2Rr = 18 nm) is similar to the length of
the docking strands (Lgock & 16 nm) on the particle, which
makes interaction between the PEG on one particle and the
DNA on the other particle possible. For the 20 kDa PEG (2R =
28 nm), the 30 kDa PEG (2Ry = 36 nm) and the 40 kDa PEG
(2Rp = 42 nm), the Flory radius significantly exceeds the length
of the docking strand, such that steric repulsion between the
PEG molecules may prevent nonspecific aggregation. However,
for the 20 kDa PEG the nonspecific aggregation rate is still
high. The confinement of the particles due to the attractive
magnetic dipole-dipole force may deform the steric barrier
and still allow for nonspecific interactions between the par-
ticles in a dimer.

The specific aggregation rate significantly decreases for the
30 and 40 kDa PEG, see Fig. 4b. By adding the PEG molecules
to the particle surface, steric hindrance occurs and the aggre-
gation rate between the particles decreases. The reduction of
the specific inter-particle binding rate represents a reduction
of the specific inter-particle surface reactivity. We attribute the
reduced particle reactivity to the steric hindrance caused by
the PEG molecules. The steric hindrance itself is a nonspecific
effect, but it has important consequences for the specific
binding, because the hindrance reduces the overlap prob-
ability of the complementary molecules on the respective
particles.

To interpret the effect of the PEG molecules on particle
surface reactivity, the molecular rate of bond formation kchem
was varied in the simulation. In the simulations, the k,, and
kenem values that were obtained in the previous section are
used as the basis for the low MW data. The nonspecific aggre-
gation rate is obtained from the measurements of Fig. 4b and
the association rate is chosen to be k,, = 1.5 x 10° M~ s7* to
match with the experimental data. Table S8t shows an over-
view of the used simulation parameters. The experimental
data of the low molecular weight PEG (<20 kDa) and high

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Tuning particle surface reactivity using PEG surface crowders. (a) DNA sandwich system including a PEG coating. (b) Measured aggregation
rate for the DNA sandwich system for particles coated with biotinylated docking strands and biotin-PEG of different molecular weights. For PEG MW
>30 kDa, the aggregation rates clearly decrease. (c) Experimental data plotted in two bands. A low MW PEG band (<20 kDa) and a high MW PEG
band (>30 kDa). The curves represent simulations using input parameters shown in Table S8.1 (d) Antibody sandwich system including a PEG
coating. (e) Measured aggregation rate for the antibody sandwich system, for particles coated with a matching pair of PSA antibodies and amine-
PEG of different molecular weights. For PEG MW >30 kDa the aggregation rates clearly decrease. (f) Experimental data plotted in two bands. A low
MW PEG band (<20 kDa) and a high MW PEG band (>30 kDa). The curves represent simulations using input parameters shown in Table S8.+

molecular weight PEG (>30 kDa) is matched with the simu-
lations, see Fig. 4c. The green and blue bands show the error
margin of the experimental data and the green and blue lines
are simulated aggregation rate curves. The simulated curve for
the high MW data is obtained from the low MW simulation by
only changing the molecular rate of bond formation from
kehem = 5.0 x 107" pm? s7" to kepem = 6.5 X 1077 pm? s™'. This
indicates that the effect of the PEG coating on the particle can
be described as an effective decrease of the intrinsic molecular
binding rate between the DNA molecules, by almost three
orders of magnitude.

For the antibody sandwich system, the antibody concen-
tration during functionalization was kept constant at 11.25 ug
mL~". The simulations of the previous section showed that for
this antibody concentration the antibody density is oap =
3.8 x 10°> um™>. This corresponds to 19-57% of the geometri-
cally expected maximum surface coverage, for upright or side-
on orientation respectively. The remainder of the surface was
blocked with amine-PEG molecules. Fig. 4e shows the
measured aggregation rate as a function of the PSA-to-particle
ratio, for particles coated with 10, 20, 30 or 40 kDa PEG or
without PEG. The nonspecific interaction is lower compared to

This journal is © The Royal Society of Chemistry 2020

the DNA sandwich system and does not depend on the mole-
cular weight of the PEG. The curves show a similar trend with
PEG molecular weight as was observed for the DNA sandwich
system. PEG molecular weights >30 kDa cause a significant
decrease in the aggregation rate. This observation is supported
by the maximum bond length being similar in both systems:
Lyona ~ 31 nm for the docking-analyte-docking complex and
Lyona = 35 nm for the antibody sandwich.

Fig. 4f shows the experimental bands and the simulated
curves for the low MW PEG (<20 kDa) and the high MW PEG
(=30 kDa) for the antibody sandwich system. Again, by chan-
ging the molecular rate of bond formation kchem, the simu-
lation can be matched with the experimental data. The
effective decrease in molecular binding rate for the antibody
sandwich system is from kepem = 9.5 X 107 pm® s7" t0 kepem =
1.4 x 107 um? s™*, which is a significantly lower decrease than
for the DNA sandwich system. This might be explained by a
significantly lower PEG density is on the DNA coated particles
compared to the antibody coated particles, originating from
the different coupling chemistries. To test this hypothesis, the
effect of PEG density on the reduction in particle reactivity
should be studied more thoroughly.

Nanoscale, 2020, 12, 14605-14614 | 14611
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Conclusions

We described aggregation rate measurements on biofunctiona-
lized particles, for a DNA sandwich system and an antibody
sandwich system, using an optomagnetic cluster experiment.
Particles were coated with specific binders, either DNA
docking strands or a matching pair of antibodies. The kinetics
of particle aggregation was measured in the presence of
analyte molecules, from which the particle surface reactivity
was quantified.

Subsequently, we studied the influence of crowder mole-
cules on the specific interactions between particles. Particles
were coated with a mixed surface functionalization of specific
binder molecules and PEG as a passive surface crowder. The
aggregation rates were measured for a wide range of analyte
concentrations and several different molecular weights of the
PEG molecules. For high MW PEG (>30 kDa), the specific
aggregation rate significantly decreases with respect to the low
MW PEG (<20 kDa), indicating that the crowder molecules
tune the particle surface reactivity. Aggregation rate simu-
lations were compared with the experimental results, showing
that the decrease in particle surface reactivity by the high MW
PEG molecules can be modelled as an effective decrease in the
molecular rate of bond formation.

The results of this paper show that it is possible to tune the
particle surface reactivity using passive surface crowders in
systems with strong molecular affinity, namely 15 bp DNA
hybridization and antibody-antigen interaction. The effect of
the neutral crowder on the particle aggregation process will
depend on the repulsive force of the crowder layer relative to
the strength of the specific inter-particle binding. Further
research should aim to map out what level of steric repulsion
by the surface crowders is needed to affect the aggregation
process of a certain biomolecular interaction, in terms of the
nature and density of the molecular binders and the neutral
crowders. To our knowledge, this is the first study that quan-
tifies the effect of passive surface crowders on the specific reac-
tivity of biofunctionalized particles. The results reveal a novel
way to tune the specific reactivity, namely by adding passive
surface crowder molecules on the surface, which gives a new
dimension for the control of properties of colloidal particles
for biological applications.

Experimental section
Materials

Carboxylated superparamagnetic Masterbeads were purchased
from Ademtech SA (diameter 528 nm, coefficient of variation
25%). Streptavidin coated superparamagnetic silica particles
were obtained from MircoParticles GmbH (diameter 511 nm,
coefficient of variation <5%). Biotinylated DNA docking
strands and DNA analyte strands were purchased from
Integrated DNA Technology Inc. (IDT). For a complete list of
the used DNA sequences, see ESI section S2.1 Prostate specific
antigen (PSA) was purchased from Abcam plc. and a matching
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pair of monoclonal mouse IgGs against PSA (a-PSA10 and
a-PSA66) were supplied by Fujirebio Europe N.V. Amine-termi-
nated polyethylene glycol (PEG) and biotin-terminated PEG
with molecular weights of 5, 10, 20, 30 and 40 kDa were pur-
chased from Creative PEGworks. Phosphate buffered saline
(PBS) tablets, Pluronic F-127, 2-(N-morpholino)ethanesulfonic
acid (MES), 1-ethyl-3-(dimethylaminopropyl)carbodiimide
hydrochloride (EDC), tris(hydroxymethyl)aminomethane (tris),
N-hydroxysulfosuccinimide  (sulfo-NHS), bovine serum
albumin (BSA, >98% pure), biotin-Atto655 and DNA LoBind
and Protein LoBind Eppendorf tubes were obtained from
Sigma Aldrich Inc. Borosilicate glass 3.3 cuvettes with inner
dimensions of 1.00 + 0.05 mm X 1.00 + 0.05 mm and outer
dimensions of 1.23 + 0.05 mm x 1.23 + 0.05 mm, and a length
of 20 + 1 mm were obtained from Hilgenberg GmbH and used
in the optomagnetic cluster experiment.

Particle functionalization for DNA sandwich system

Streptavidin coated silica MicroParticles were functionalized
with biotinylated DNA docking and DNA filler strands and bio-
tinylated PEG (10, 20, 30 or 40 kDa) by sequential incubation
steps. First, 15 pL of the particle stock solution (10 mg mL™")
was mixed with 285 puL of DNA docking strand solution in PBS,
and incubated for 60 minutes in an incubator shaker (1200
rpm, room temperature). Subsequently 2 pL of a large excess
of DNA filler strands is added to saturate the particle surface
with DNA, and incubated for 60 minutes in an incubator
shaker (1200 rpm, room temperature). The amount of func-
tional docking DNA during the first incubation step was varied
throughout the experiments.

For measuring the effect of PEG on the aggregation rate,
first DNA docking strand were coated on the particle, and the
docking-DNA-to-particle-ratio was kept equal to 5000. After the
first incubation step, the particle solution was magnetically
washed to remove unbound DNA docking strands. The par-
ticles were redispersed in a 1 mM biotin-PEG solution of a
certain molecular weight and incubated for 60 minutes in an
incubator shaker (1200 rpm, room temperature) to saturate the
remaining streptavidin groups with biotin-PEG.

After the second incubation step, the particle solution was
magnetically washed again to remove the unbound PEG. The
particles were redispersed in a 10 mg mL~" BSA in PBS solu-
tion to suppress nonspecific aggregation of the particles. The
particle solution was then incubated in a sonic bath for
10 minutes and the solution was sonicated (10 x 0.5 s) to
reduce the number of clusters in the solution.

Quantification of the DNA docking strand coverage

To quantify the number of DNA docking strands on the strep-
tavidin coated Microparticles an indirect fluorescence super-
natant assay is performed. First, the biotin capacity of the par-
ticles is quantified by binding increasing amounts of biotin-
atto655 on the particles, during 60 minutes in an incubator
shaker (1200 rpm, room temperature). The lowest b-atto655
concentration at which there is still b-atto655 left over in the
supernatant after incubation is quantified using a Fluoroskan
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Ascent FL (Aex = 646 nm, Aey, = 679 nm, spectral width 5 nm).
The b-atto655 capacity per particle is equal to Np.atosss =
(4.3 £0.5) x 10",

Next, increasing amounts of biotinylated DNA are added to
the particles and incubated during 60 minutes in an incubator
shaker (1200 rpm, room temperature). After this incubation
step, the particle solution is magnetically washed to remove
unbound DNA strands. Subsequently, b-atto655 is added in a
concentration that is slightly above the b-atto655 capacity of
the particles. Again an incubation step is performed during
60 minutes in an incubator shaker (1200 rpm, room tempera-
ture). Particles that are not fully coated with DNA strands will
bind some of the b-atto655 in the solution, the fully coated
particles will not bind b-atto655. After the incubation the par-
ticle solutions are magnetically washed and the fluorescence
of the supernatant is measured. The amount of b-atto655 in
the supernatant for a certain DNA concentration, I , ([DNA]),
is related to the number of DNA on the particle, Npna, accord-
ing to eqn (4).

Iy — I . ([DNA])
Iy — I ([DNA] = 0)

Npna = X Nb-atto655 (4)

Here I, is the fluorescence intensity of the b-atto655 solu-
tion that is added in the second incubation step, and I
n.([DNA] = 0) is the fluorescence intensity of the supernatant
when adding non-functionalized streptavidin Microparticles.
For more details of the supernatant assay, see ESI section S3.1

Particle functionalization for the antibody sandwich system

Carboxylic acid coated Ademtech Masterbeads were functiona-
lized through an EDC-NHS reaction with a matching pair of
monoclonal PSA antibodies that target a different epitope on
the PSA antigen. The particle surface area in between the anti-
bodies area was coated with an amine-terminated PEG (10, 20,
30 or 40 kDa) and the remaining surface area was blocked with
tris. All steps were performed at room temperature.

First, 4 pL of particle stock solution (50 mg mL™"') was
mixed with 196 pL a 100 mM MES solution (pH 5.0), 50 pL
EDC in MES solution (10 mg mL™") and 50 pL NHS in MES
solution (10 mg mL™"). The particles were incubated for
30 minutes on a roller bench to activate the carboxyl groups
on the particle surface.

After the activation step the particles were magnetically
washed twice and redispersed in 200 pL MES solution.
Subsequently the particle solution was sonicated (10 x 0.5 s) to
undo the particle clustering that occurred during the magnetic
washing steps. Then, 100 pL of antibody solution was added to
the particles and incubated for 30 minutes on a roller bench,
to covalently attach the antibodies to the particles. The anti-
body concentration was varied in one of the experiments.
However, if not specified in the text, the antibody-to-particle
ratio during incubation was kept equal to 1500.

After the antibody coating step 50 pL of amine-terminated
PEG solution (1 mM) was added to the particle solution and
incubated for 180 minutes on a roller bench. To block the
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remaining active carboxyl groups, 100 pL of tris buffer is
added (150 mM NaCl, 50 mM tris, pH 7.6) and incubated over-
night on a roller bench. Finally, the particle solution is magne-
tically washed twice and the particle are redispersed in a
10 mg mL ™" BSA in PBS solution to suppress nonspecific par-
ticle aggregation. Finally, the particle solution was sonicated
(10 x 0.5 s) to undo the particle clustering that occurred
during the functionalization process.
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