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Biological systems routinely regulate biomolecular transport with remarkable specificity, low
energy input, and simple mechanisms. Here, the biophysical mechanisms of nuclear transport
inspire the development of Gels for Recognition And Selective Permeation (GRASP). GRASP
presents a new paradigm for specific transport and selective permeability, in which binding
interactions between a biomolecule and a hydrogel lead to faster penetration of the gel. A
molecular transport theory identifies key principles for selective transport: entropic repulsion of
non-interacting molecules and affinity-mediated diffusion of multi-receptor biomolecules through
a walking mechanism. The ability of interacting molecules to walk through hydrogels enables
enhanced permeability in polymer networks. To realize this theoretical prediction in a novel

material, GRASP is engineered from a polyethylene glycol network (entropic barrier) containing
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antibody-binding oligopeptides (affinity domains). GRASP is synthesized using simultaneous
bioconjugation and polycondensation reactions. The elastic modulus, characteristic pore size,
biomolecular diffusivity, and selective permeability are measured in the resulting materials, which
are applied to regulate the transport of equally sized molecules by preferentially transporting a
monoclonal antibody from a polyclonal mixture. Overall, this work presents rationally designed,

nucleopore-inspired hydrogels that are capable of controlling biomolecular transport.

Introduction

Controlling transport in biological systems is critical to broad applications in biological toxin
removal,!*? blood sensing and diagnostics,> * immune disorder treatments,” and therapeutic protein
purification.> 7 Oftentimes, biomolecular cargo are present at low concentrations, share
physicochemical properties with undesired biomolecules (size, hydrophobicity, and electrostatic

charge),® and are required to move through crowded environments.” Current approaches to

7 11

biomolecular detection,* separation,” and transport'® ' utilize high-affinity interactions to
overcome these challenges; however, such systems require optimized changes in environmental
conditions to release biomolecular cargo. New materials for efficient biomolecular transport will

subsequently improve protein sensing, purification, and delivery.

Nature has evolved systems that harmonize high- and low-affinity interactions to regulate
molecular transport, resulting in remarkably selective biomolecular sorting and separations.'? One
example is the nuclear envelope, which is a biopolymer membrane that critically regulates access
to a cell’s precious genomic information.'*'® During nuclear transport, biomolecular targets are
recognized by high-affinity interactions with nuclear transport receptor (NTR) proteins.'> NTRs

and their cargo are then selectively translocated through nuclear pore complexes (NPCs) that span
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the nuclear envelope. In the NPC, phenylalanine-glycine-rich (FG) nucleoporin proteins form a
space-filling protein matrix that prevents non-specific macromolecular transport. FG nucleoporins
exhibit remarkable selectivity, rejecting the passage of 99.9% of all proteins.!* NTRs and NTR—
cargo complexes overcome this entropic barrier by undergoing numerous, low-affinity interactions
with FG domains in the protein matrix.!” Multivalent interactions can give rise to diffusion by

18-20

walking through the matrix,'®° thereby enabling selective biomolecular transport.?!-*

The relationship between multivalent biomolecular walking and selective transport in a protein
matrix can be elucidated using a molecular approach to transport theory. Modeling the diffusion
of a solute through a hydrogel is a longstanding topic of interest, with classical transport theories
focusing on the non-interactive barrier mechanisms of polymer or particulate networks.?>*?® In
these classical systems, interactions between solutes and the polymer network are either

25,26

negligible* ?® or strong and specific, leading to solute immobilization.?” ?® Recently, molecular-

based transport theories have reconsidered the role of biomolecular binding kinetics on diffusivity

18, 19, 31 and

in the context of intracellular mobility,?” 3° lateral biomolecular transport at surfaces,
self-diffusion in associative protein hydrogels.?* 333 Aspects of these binding—diffusion models

can be applied to understand biomolecular solutes that interact with a polymeric hydrogel and to

generate designs for selectively permeable hydrogels.

The remarkable selective transport performance of the nuclear envelope has already inspired the
development of novel materials that control biomolecular transport. Selective nucleoporin

permeability has been replicated outside of the nuclear pore in protein hydrogels based on

34-38 39-41

recombinant nucleoporins and artificially engineered, nucleoporin-inspired polypeptides.
Both classes of these nucleoporin-based recombinant proteins form associative hydrogels and

incorporate numerous FG domains to facilitate the specific transport of NTRs and their cargo.
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Molecular transport theory can identify design principles from nucleoporin-based proteins and
apply mechanistic understanding to develop synthetic analogues to nucleoporins. This approach
enables the development of materials with biochemical versatility to control the transport of new
biomolecular targets, as well as improved mechanical properties by covalent crosslinking
chemistries for hydrogel formation. Numerous approaches to synthetic, biocompatible hydrogels
have been previously developed, including affinity hydrogels containing bioactive compounds**
% or polypeptides.*’>! These affinity hydrogels have been employed for biomolecular
immobilization and controlled release in tissue engineering and drug delivery applications,
predominantly based on selective adsorption-based mechanisms that differ substantially from
those used to regulate protein permeability through the nuclear pore. Therefore, a synthetic mimic

of this natural system could offer a substantially new material platform for biomolecular

separation.

In this work, molecular transport theory is applied to engineer nucleopore-inspired polymer
hydrogels with selective biomolecular permeability. Nuclear transport mechanisms are
incorporated into a protein binding—diffusion model to establish design criteria for polymeric
materials that control selective protein transport. The theory identifies two key principles: (1)
entropic repulsion of undesired biomolecules and (2) affinity-mediated permeability of target
biomolecules. These principles guide the design and synthesis of Gels for Recognition And
Selective Permeation (GRASP), which are applied to perform a model separation of monoclonal

antibodies from a polyclonal antibody mixture.
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Experimental Section (Materials and Methods)

Synthesis of Gels for Recognition And Selective Permeation (GRASP). GRASP consists of
antibody-binding oligopeptides embedded in a crosslinked poly(ethylene glycol) (PEG) hydrogel.
Oligopeptides were designed to have varying binding affinities to anti-c-Myc antibody (9E10).
Five epitope sequences with varying dissociation constants>?> were selected as binding domains,
which were flanked on both termini by glycine spacer residues to reduce steric hindrance and
cysteine residues for conjugation (sequences in Table 1). This study also included a negative
control peptide with the sequence CGGC. All custom peptides were synthesized commercially
(Genscript). Four-arm polyethylene glycol (PEG, 20 kDa) with maleimide end groups (Creative
PEGWorks) was used for thiol-maleimide coupling®® with di-cysteine peptides to form a

chemically crosslinked gel using Az + B4 polycondensation chemistry.

For all experiments except small-angle neutron scattering (SANS), PEG was initially dissolved in
phosphate-buffered saline (PBS, pH 7.4) at 10% w/v. Separately, peptides were dissolved at 10%
w/v in PBS and reduced with a ten-fold molar excess of tris(2-carboxyethyl)phosphine (TCEP,
Sigma Aldrich). The reduced peptide solution was adjusted to pH 7.4 using sodium hydroxide and
equilibrated for 30 minutes at room temperature. The resulting PEG and peptide solutions were
combined to reach a 1:2 PEG-to-peptide molar ratio to maintain functional group stoichiometry
during gelation. Gels were cast in Teflon molds (rheology) or Eppendorf tubes (FRAP and 1D

transport assays) and allowed to set overnight.

Shear rheology. Small-amplitude oscillatory shear measurements were performed on an Anton
Paar MCR-301 rheometer operating with a disposable parallel plate geometry (10 mm diameter)

with roughened surfaces (sandpaper, Norton Abrasives) to avoid slipping. Frequency sweep
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experiments were performed from 0.1 to 100 rad/s at 0.5% strain, which was confirmed to be in
the linear viscoelastic regime by strain sweep experiments (0.01-100% strain at 10 rad/s). All
measurements were taken at 25 °C using Peltier temperature control. Three samples were tested
for each gel, with reported elastic shear moduli representing the mean + one standard deviation.

Gel conversion was estimated using the elastic shear modulus and a modified gel point theory.>*

Small-angle neutron scattering (SANS). SANS experiments were conducted at the Oak Ridge
National Laboratory Spallation Neutron Source (ORNL SNS) Extended Q-Range SANS
Diffractometer using a beam aperture of 8 mm. Phosphate-buffered deuterium oxide (137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO4 and 1.8 mM KH>PO4 in D,0) was prepared to facilitate
neutron scattering contrast in SANS experiments. Buffer components were measured
gravimetrically to reach pD 7.4, and buffered D>O was filtered using 0.2 pm Acrodisc syringe
filters (PALL Corporation). Gel precursor solutions were prepared as described above and cast
between quartz plates with a Teflon spacer (1 mm thickness, 13 mm inner diameter, 17 mm outer
diamater). The quartz sample sandwich was sealed overnight with silicone epoxy (Dow Corning)
prior to loading in a titanium cell. Scattering patterns were measured using two sample-to-detector
distances of 8 m and 2.5 m, using neutron wavelengths of 8 and 2.5 A, respectively. These
configurations covered a Q-range of 0.04-5.0 nm™!. Scattering was performed at 25 °C. The raw
scattering intensity was reduced using the Mantid reduction package® and corrected for the
background from an empty sample cell and a sample cell containing buffered D>O. Reduced SANS

curves were fit using non-linear least-squares regression to a correlation length model.>¢->®

Fluorescence recovery after photobleaching (FRAP). Prior to FRAP experiments, each GRASP
was equilibrated in a ten-fold volume of fluorescently labeled antibody solutions for at least 24

hours in the dark at 4 °C to ensure a homogeneous distribution throughout the gel. Antibody
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solutions were used as received and contained either 3.3 uM fluorescein isothiocynate (FITC)—
anti-c-Myc tag monoclonal antibody (9E10) (Thermo Fisher Scientific) or 3.3 uM FITC-IgG from
human serum (Sigma Aldrich) in PBS (pH 7.4) with 50% glycerol, 1% bovine serum albumin
(BSA), and 0.1% sodium azide. Each saturated GRASP was mounted on a glass coverslip for
imaging on a confocal laser scanning microscope (Zeiss LSM 710, W.M. Keck Microscopy
Facility) equipped with a water-immersion 40x objective lens (LD C-Plan Apochromat, NA 1.1).
A circular region of interest was photobleached using a 488 nm laser at full power, and
fluorescence recovery was monitored by scanning the region of interest at low laser power (24%)
every second for 1 minute after bleaching. A non-bleached gel region and background region were
also measured to normalize intensity as a function of time. Normalized intensity curves were

analyzed using non-linear least squares regression with a FRAP diffusion model.*

1D fluorescence transport assays. Rectangular borosilicate capillaries (0.9 x 0.9 x 40 mm,
Vitrocom) were loaded by piercing pre-made hydrogels.> *° For separate testing of anti-c-Myc
IgG or polyclonal IgG permeability (Figures 7a-b), commercial antibody—FITC solutions were
diluted to a final concentration of 1 pM and introduced to the exposed gel interface. Capillaries
were sealed with a wax mixture (equal parts Vaseline, lanolin, and paraffin) prior to imaging with
a Zeiss Axioplan fluorescence microscope equipped with an Axiocam 503 mono camera, FluoArc
control unit, and HBO 100 mercury plasma lamp. Images were acquired 5 minutes, 30 minutes,

and 60 minutes after the antibody solutions were added.

Two-color fluorescence microscopy was utilized to test anti-c-Myc IgG selectivity from a
polyclonal mixture. Immunoglobulin IgG from human serum (Sigma Aldrich) was fluorescently
tagged using Alexa Fluor® 594 NHS-ester (Thermo Fisher Scientific) according to manufacturer

instructions. Excess fluorescent dye was removed after conjugation using an illustra NAP™ 10
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column (GE Healthcare), and labeled IgG fractions were confirmed by SDS-PAGE. Any residual
solvent or dyes were removed by dialysis against PBS (pH 8.3), and purified [gG—Alexa Fluor®
conjugates were concentrated using an Amicon® Ultra-15 centrifugal filter (10 kDa molecular
weight cutoff, MilliporeSigma). The final concentration and degree of labeling were determined
by measuring absorbance at 280 and 590 nm. The degree of labeling was 3.9 dyes per molecule,
which is within the generally accepted range of 2—5 dyes per protein required to minimize inactive
and unlabeled antibodies.>® Polyclonal IgG—Alexa Fluor® 594 and commercial anti-c-Myc IgG—
FITC (Thermo Fisher Scientific) were mixed to final concentrations of 1.65 uM each, and the
resulting solution was used in the previously described 1D capillary geometry to test selective
permeability of each GRASP. For each peptide sequence, three hydrogels were prepared and tested

independently.

Results and Discussion

Binding-Diffusion Model for Selective Biomolecular Transport. The characteristics of
polymer networks that control biomolecular transport are explored in the context of molecular
transport theory by considering a continuum binding—diffusion model in the case of 1-dimensional
transport through a membrane. The model enables the calculation of steady-state fluxes of specific
and non-specific biomolecules through a polymer network. Molecular-scale characteristics of
biomolecular solutes and polymer networks are derived from polymer physics and incorporated
into the model to constrain relationships between continuum parameters. This approach identifies
realistic parameter spaces for the design of selectively permeable polymer hydrogels. The model
demonstrates a fundamentally new separation mechanism, in which permeation of a binding
species 1s enhanced due to selective interactions and bound-state diffusive motion within the

polymer network.



10

11

12

Governing equations and analytical solution for steady-state transport through a 1D membrane.
To model transport of a specifically interacting biomolecule through a polymer gel, consider a
polymer network with binding sites (S) that act as recognition domains for target biomolecular

solutes. Biomolecules exist as freely diffusing solutes (F) or in one of many bound states (B):

k(”l
pa—

F+S v B (1)

where k., and ko are the rates at which biomolecules bind to and unbind from the polymer network,

respectively (Figure 1a).

(@) protein solution binding  polymer network

.............................. -

"é“ b‘ g&.-ﬁ e J
@ inert proteins, D, -8 9.
@ free proteins, D, @ bound proteins, D,
(b) feed solution polymer permeate
network solution
[l].m[
[F]mi
"""""""""""" flux
_ [kon/koﬁ)st-'[F]sof |
1+(knn/knffJSF[F]m! |
(1 = 5,11, =0
[F] = S,[F], [F1=0
r=0 =1L

Figure 1. A binding—diffusion model (a) accounts for free and bound biomolecular diffusion in a
polymer network and (b) is solved using boundary conditions for steady-state 1D transport in a
polymer network of thickness L. Free solutes (F, aqua) and impurities (I, brown) partition

according to solubilities Sr and S;. Solutes bind (B, indigo) at the interface according to the
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Langmuir adsorption model. A constant, zero-concentration boundary condition is assumed at the

second interface.

Binding reactions are reversible, and Fickian diffusion and binding are considered in the explicit

governing equations for transport, hereafter called the two-state model:

e = DV?[B] = kogs[B] + kon[FI[S] @
% = DpV[F] = kon[F1[S] + koys[B] 3)

where Dr is the diffusion coefficient of a free (unbound) biomolecule and D3 is the non-zero
diffusion coefficient of biomolecules bound to the polymer network. Bound molecules may have
nonzero diffusivities either if the network itself is dynamic, as is the case for biopolymer networks,

or if the molecule is capable of walking across the network in a series of bound states, !8-2% 33

as
discussed subsequently. In contrast, non-specific, inert biomolecules (I) only undergo Fickian
diffusion. Similar binding—diffusion models that have been applied to study the impact of protein
binding interactions on transport behavior assume that bound-state diffusivity is negligible on the
time- and length-scales of interest;?% 3> however, it has been shown that a mobile bound state is

necessary to fully capture diffusive dynamics in experiments and simulations.? 32

The two-state model is solved analytically as a system of second-order differential equations by
considering steady-state operation of a 1D polymer membrane of thickness L (Figure 1b), in the
limit of dilute biomolecular solutes in comparison to polymer network recognition sites (constant
[S]). In this limit, the rate of association is substituted with a pseudo-first-order rate constant (kon[S]
- k"on). At the solute-rich interface, biomolecules bind non-cooperatively according to the Hill-

60, 61

Langmuir equation. Unbound solutes partition between solution and gel phases according to

solubilities Sr and S;, which correspond to the partition coefficients for target and inert proteins,

10
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respectively. A fixed, zero-concentration boundary condition is applied at the second interface to

model rapid removal of diffusing species from the membrane surface.
The flux of each species (J;, i = B, F, or I) is directly calculated using the full analytical solution:

Siltlso alil”
Jiloo,x) = — et [ 2L )

where [i]* and x* are dimensionless concentration and length (details in the Supporting
Information, SI). The ratio of target protein flux to non-specific, inert protein flux is used to
identify parameter sets that give rise to selective transport. Selective transport occurs when
(Jpt+Jr)/Jr >> 1. An expression for the flux ratio (details in SI) identifies key dimensionless

parameters involved in selective filtration:

targetflux _ Jp+Jp _ 2 (1+Keq(B+Y)
inert flux  J; =00 ( 1+KeqB ©

where 6 = D#/Dy (diffusivity ratio), o = S¢/S; (solubility ratio), Key = k on/kos (equilibrium binding
constant), 5 = [Fls/[S] (ratio of solutes to recognition sites), and y = Dp/Dr (ratio of bound to free

diffusivity of target solute).

Each parameter in Eq. 5 is considered independently in an initial, simple analysis of the separation
factor. From the Stokes—FEinstein relation, solute diffusivity and radius are inversely proportional,
therefore § = R/Rr. To evaluate solubility, McMillan-Mayer solution theory® is applied to
determine the partitioning of a dilute solute species i between the external solution and the polymer

network:

§; = Wsol — eypy (%) (6)

11
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where AE;, is the change in free energy upon insertion of a solute into the polymer network, 4z is
the Boltzmann constant, and 7 is absolute temperature. Since the concentration of an equilibrated
polymer network is proportional to that of a semi-dilute polymer solution,®® the approach of de
Gennes® and Odijk® is followed to consider the insertion of a non-interacting protein with radius
R, into a semi-dilute polymer solution with correlation length &,. In the limit of R, < &, known as
the protein limit because most proteins exist in this size range, the free energy change is

proportional to a depletion region formed around the protein:

AEins (R_P)4/3 (7)
kgT - fp

resulting in the dependence of ¢ on solute size:

o=em|(®)" - (2)"] ®

To simplify calculations and illustrate the potential specificity of this approach, the following
analysis is restricted to the separation of equally sized target and inert protein solutes (Rr = R)).
This mathematically straightforward case (0 = o = 1) represents the most chemically and physically
challenging of separations. This case also holds biological significance, as natural filtration
systems routinely separate proteins of similar size and shape. For example, nuclear pore complexes
preferentially translocate nuclear transport receptors (NTF2 dimer, 29 kDa, 2.50 nm hydrodynamic
radius) in comparison to inert reference molecules such as green fluorescent protein (GFP, 28 kDa,
2.35 nm hydrodynamic radius)."* Moreover, fusion proteins containing monomeric S-barrel
fluorescent proteins mCherry or GFP (67 or 75 kDa fusions with estimated hydrodynamic radii of
2.96 or 3.18 nm, respectively)® have been selectively separated by biosynthetic hydrogels derived

from the S. cerevisiae nucleoporin protein Nsp1.3% 3

12
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A broad parameter space is identified for selective biomolecular transport, illustrated as the target-
to-inert protein flux ratio given constant y or S (Figures 2a-b, respectively). Both plots include the
parameter set y = #= 107 (green). In all cases, the target-to-inert flux ratio increases monotonically
with K., Figure 2a suggests that excess polymer recognition sites are required for selective
filtration to occur. As recognition site availability is reduced (f = 0), selective filtration
performance plateaus, where (Jz+Jr)/Ji = 60(2+Keqsy). The black dotted line indicates the
physical limit of infinite recognition sites in the polymer network. Figure 2b suggests that
significant bound-state diffusivity is required for selective separation of a biomolecular solute. The
black dotted line indicates the upper limit of passive, non-facilitated solute transport, in which

bound-state motions occur at the same rate as free-solution diffusion.

13
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Figure 2. Target-to-inert protein flux ratios suggest optimal dimensionless parameters Ky, £, and
y for the design of selectively permeable polymer networks. 6 = = 1. (a) and (b) illustrate constant
y and 3, respectively, with the shared curve y = =10 (green). Black dashed curves indicate the

physical limits of (a) infinite solute dilution (f = 0) and (b) maximum bound diffusivity (y =2 1).

Selective permeability of biomolecules with multiple receptors. Although this initial analysis treats
all transport and kinetic parameters through the polymer gel as independent, these parameters are
in fact constrained by molecular processes. In particular, the bound-state diffusivity D depends

on the existence of multiple bound states and the transition rates between these states. To

14
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investigate these transitions, consider a biomolecule M with a number of binding receptors Na.

Multiple binding receptors are commonly displayed on the surfaces of biomolecules of interest,

17, 67 68, 69

including nuclear transport receptors, immunoglobulins, and broad classes of biological

toxins." % 7% 7! Upon binding with the polymer network, M may exist in one of N bound states:

ko

M, sy ©)

. & N
kyy ks kN g, B

k5
M, =2 M, %
10

where receptor association rate constant kg, is identical to the continuum association rate constant
kg from the two-state model. In the two-state model, molecules in all of the bound states Mj>; are
lumped into the single continuum bound state B. The receptor dissociation rate scales with the

continuum dissociation rate as follows:

[B]
k1o :mkoff (10)

Binding sites are assumed as equivalent, and each binding event is assumed to occur
independently. Specifically, a molecule in state M; must enter state M;+1 before M;+, and vice
versa. Association rate constants kg, ki, etc. are considered equal and hereafter denoted kg,,.

Similarly, equivalent dissociation rates ki, k,;, etc. are designated k',sf, and the receptor

equilibrium binding constant is K',.

The continuum dissociation rate k, ¢ excludes intermediate unbinding events and describes only

transitions to the fully unbound state Mo:

[Blkosr = [My]kio = [Mi]koss (11)

such that the receptor dissociation rate scales as:

,  _ 8]
of f = Tag] Korr (12)

15
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Two distinct molecular motions arise from unbinding events: hopping and walking. During a
hopping event, a singly bound molecule M enters the free state Mo. Here, biomolecular motion is
governed by the solution diffusion coefficient Dr and does not contribute to bound-state
diffusivity. During a walking event, a molecule in state M}~ unbinds, takes a “step” by changing
position in a lesser bound state M;.1, and re-binds elsewhere (Figure 3a).!®2° Although multi-point
biomolecular attachment results in caging, the cage itself changes shape and diffuses by releasing
one or more of the attached points. This walking mechanism is distinct from directed motion
observed in processive enzymes and translocation motors, both of which require mechanochemical

cycling.!

(a) walking diffusion mechanism of protein M,
(N, = number of receptors bound to network)

target/inert flux
target/inert flux

10 10° 10" 10 10° 10* 100 102 104 10 108 10"
receptor affinity biomolecular affinity

1
Ky K

€q

Figure 3. Walking diffusion enables selective transport of multivalent biomolecules. (a)
Sequential binding (orange) and unbinding (red) events of a multi-receptor protein My, in an
interacting polymer network. This series of events results in walking diffusion, such that the solute

center-of-mass position changes by step size Ar. Target biomolecular solute flux greatly exceeds

16
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inert flux as the number of receptors Np increases, shown with respect to the equilibrium binding

constants of (b) single receptors K, and (c) collective biomolecules K.

In order to determine the step size, consider a polymer network with a characteristic length R
between biomolecular recognition sites and network junctions. The maximum distance that a
solute can move during a walking event is <R*>/(j-1), where (j-1) receptors remain attached to the

network during the step.?’ The bound diffusivity is expressed as:

' R?
Dp = 352, K orrPr (2) (13)

j-1

where P; is the probability of state M. P; follows a binomial distribution of receptor states:

P = (") phpi” (14)
where receptor probabilities pp = K'o; /(1 + K'g) and pr = 1/(1 + K',) are determined from

an equilibrium material balance. The presence of multiple binding receptors in M and specification

of walking diffusion as the bound state mechanism result in modified expressions £ and y:

[Flso
f = Ng s : (15)
kg fr(R?) P;
-ttty 2 ®

The target-to-inert flux ratio is re-written as a function of measurable physical parameters (e.g.

biomolecular radii, binding rate constants, and polymer network properties):

I} [Flsot ‘URZn(RZ) NBi
targetflux _ Jp+Jp _ 6‘0-2 1+wKeqNB—[S] + D 2]-:2]'—1 (17)
: = = / [Flsot
inert flux Ji 1+wKeqNp [s]o

where receptor scaling factor @ = (Z?’fle) /P1 = K¢q/K'¢q. Following the incorporation of

explicit bound-state walking diffusion, the separation of multi-receptor biomolecular solutes by

17
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polymer membranes with varying interactions can be predicted by estimating molecular
parameters from selective transport experiments with nucleoporin-like proteins (Figures 3b-c):*
[Flsor = 5 uM from transport receptor protein solutions; [S] = 70 mM from 20% w/v protein
hydrogels, wherein each protein molecule (46 kDa) has 16 phenylalanine-glycine binding sites;
kon = 1.5 x 10° M! 57! from theoretical predictions and experimental measurements of nuclear
transport receptor association rates;’> > Dr = 4.4 x 10! m?s™! from the Stokes—Einstein relation
of a protein in water (R, = 5 nm); and (R?) = ((5 nm)?) from the Flory radius of a natively

unfolded nucleoporin protein,’* 7

which approximates the distance between recognition sites and
crosslinks in an intrinsically disordered polymer network. These parameters serve primarily as a

starting point to understand the key factors underlying selective transport phenomena.

In all cases with multiple receptors, selective permeability depends non-monotonically on affinity,
and selective transport occurs over a broad range of binding affinities. As the number of binding
receptors Np increases, the optimal affinity for an individual receptor decreases; however, selective
transport performance does not depend strongly on binding site number when rescaled according
to molecular-scale K¢y. The optimal two-state binding equilibrium constant K., is consistently
between 10° and 10*. This macroscopic affinity corresponds to biomolecular dissociation constants
Ka between 10 and 100 uM, which are consistent with experimentally determined constants for
nuclear transport receptors (1-100 uM).?!>* Beyond this range, the separation factor is more

sensitive to weak recognition than strong interactions (note the logarithmic scale).

These results suggest how walking mechanisms can enable selective biomolecular transport.
Unbound impurity and filtrate molecules, which have the same diffusivity and solubility in the free
state of the polymer network, have equal permeability. However, binding of a biomolecular target

dramatically increases its concentration. The ability of bound state molecules to cross the polymer

18
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gel, even slowly, leads to enhanced permeation of the desired biomolecules. Solutes with more
receptors favor walking, and a binding coefficient that is too strong reduces mobility. In contrast,

binding that is too weak decreases the bound-state concentration.

Model-Driven Design of Gels for Recognition And Selective Permeation. GRASP was
engineered to realize the key features of the two-state model, entropic repulsion and affinity
interactions, in a synthetic material that exhibits permeability to a specific biomolecular target.
Biomimicry of the nuclear pore was approached by copying the simplest diffusion mechanism in
order to produce the same macroscopic response of selective transport in a hydrogel. To this end,
GRASP was designed as a crosslinked poly(ethylene glycol) (PEG) network with embedded
protein-binding oligopeptides. The introduction of numerous binding sites within the network
mimics the presence of numerous FG domains in a nucleoporin protein matrix. Oligopeptides
consist of a tunable binding region flanked by glycine spacers and cysteine residues for
bioconjugation at both termini. PEG was chosen for its low-protein-adsorption properties, versatile
conjugation functionalities, and commercial availability.’® 7% A series of PEG—peptide networks
were synthesized by simultaneous conjugation and polycondensation of tetra-PEG-—maleimide and
di-cysteine peptides (Figure 4a). This approach is general to peptides that do not contain native

cysteine, which includes the antigenic epitopes for many commercial monoclonal antibodies.”” 78
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(a) tetra-PEG-maleimide + di-cysteine peptide —> PEG-peptide network

0]
\
(b) PEG network: entropic repulsion (c) Antibody-binding peptides: affinity interactions

non-specific (-35\
antibodies

F 43

HS e SH
S emmingg SH

antibodies

Figure 4. GRASP design for antibody separations. (a) Thiol-maleimide coupling chemistry
enables simultaneous bioconjugation and crosslinking of PEG—peptide networks. (b) Space-filling
schematic of entropic repulsion by polymers forming hydrogel networks. Different colors
represent individual tetra-PEG molecules. Network junctions form a dynamic mesh (&), but non-
specific antibodies of radius Ry are excluded by polymer correlations (&). (c) Topological
schematic of affinity interactions with peptide domains, which allow transport of targeted peptide-

interacting antibodies through the polymer network.

The ideal targets for this study would have distinct, well-defined binding behavior while exhibiting
a high degree of similarity between other physicochemical properties. Such targets are biologically
significant, as natural filtration systems routinely separate proteins of similar size and shape.'* 3+
4 Immunoglobulin G (IgG) antibodies naturally possess these features and were selected as model
biomolecules for the design and development of GRASP. In particular, anti-c-Myc IgG exhibits
known interactions with various peptide sequences derived from the c-Myc protein,>? enabling a

systematic study of the impact of binding behavior on anti-c-Myc IgG permeability in synthetic

PEG-—peptide networks. Moreover, bivalency is a minimal physical criterion for walking diffusion,
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and IgG antibodies have two symmetric binding sites that enable a strong proof-of-concept for

walking diffusion in selectively permeable hydrogels.

PEG precursors were selected to form a network with two length scales suitable for IgG separations
(Figure 4b). Local polymer correlations result in a smaller correlation length &, which depends on
polymer chemistry and solvent quality.®® At this length scale, the excluded volume of the polymer
network repels non-specific biomolecules. The physical separation between crosslink junctions
forms a larger correlation length =, which depends on the molecular weight of the adjoining
polymer strand. This dynamic mesh size allows molecules with enhanced permeability to pass

through the network.”8!

IgG—GRASP interactions can be modulated by oligopeptide binding domain sequence, and IgG
fulfills the two-receptor minimum required for biomolecular walking (Figure 4¢). A GRASP
series was synthesized using peptides with varying affinity interactions with (0.56 uM < Ky <200
uM, Table 1), where Ky is the peptide dissociation constant with anti-c-Myc monoclonal antibody
(9E10).>? It should be noted that K, is the dimensional inverse of K., from the two-state model,

such that K; = Korr _ KosIST _ Kos L 51— 51 The GRASP series also included a non-binding
kon konlS] kon Keq

control peptide with the sequence CGGC.
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Table 1. Physical properties of c-Myc (9E10) peptide-conjugated GRASP

c-Myc (9E10) peptide
(*epitopes™ in blue) Ks(uM)> | G’ (kPa)* | Conversion (%)* | & (nm)**
CGGEQKLISEEDLGGC | 0.56+0.19 | 1.3£0.1 681 1.2+0.1
CGGKLISEFELGGC 7.3+£0.56 | 0.8+0.0 65+0 1.3+0.1
CGGKLISEEDLGGC 26+ 19 20+0.3 T2+£2 1.5+0.1
CGGQLISEEDLGGC 82+43 26=+0.5 76 £3 1.0+£0.1
CGGKLISDEDLGGC > 200 2.0=+0.1 72+1 1.2+0.1
CGGC N/A 21+£03 73+2 1.5+0.1

*mean + standard deviation; **95% confidence interval of non-linear least squares fit

Shear Rheology and Gel Conversion. Highly reproducible measurements of the shear elastic and
viscous moduli (G’ and G, respectively) were achieved across three replicates of each sample. In
each GRASP, G'was independent of frequency and larger than G" (Figure S1), which is consistent
with the expected elastic solid behavior of chemically crosslinked polymer networks. Variations
in G’ and conversion across the GRASP series are attributed to different oligopeptide sequences,

which are known to affect thiol-maleimide conjugation efficiency.>> 7®

The conversion of GRASP gelation by bioconjugation and polycondensation reactions was
estimated using the elastic shear modulus and a gel-point model based on a modified phantom
network theory (details in SI),*? which describes how loop defects affect bulk elasticity in gels.
Chemically crosslinked gels are susceptible to the formation of topological defects such as
dangling ends, primary loops, and high-order cyclic defects.>* 8% Topological defects suppress

6

gelation®® and decrease the mechanical properties of gels.®? Gels synthesized using A> + By

functionalities, such as GRASP, are particularly susceptible to cyclic defects.>*
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Entropic Repulsion of Non-Specific Biomolecules. Selective permeation by GRASP requires the
rejection of non-specific proteins with an entropic barrier. In polymer gels and networks, local
polymer interactions result in a correlation length £ that depends on polymer chemistry and solvent
quality.®* At this scale, the excluded volume of the polymer forms an entropic mesh that hinders
the motion of non-specific macromolecules and particles larger than &79%1: 87- 88 The entropic
meshes formed in PEG—peptide networks were characterized using SANS. The reduced scattering

intensity / as a function of scattering vector ¢ was fit to a correlation length model:>% >3

A C
D) =5+ e

+ B (18)

where multiplicative factors 4 and C and exponents m and » are related to the Porod and Lorentzian
exponents, respectively. B is incoherent scattering from the background. Fitting by non-linear
least-squares regression in MATLAB resulted in £ measurements between 1.0 and 1.5 nm for each
GRASP (Table 1, Figure S2). These mesh sizes are sufficiently small to reject IgG molecules,

which have hydrodynamic radii of approximately 5.4 nm.* Similar correlation lengths across the

GRASP series reflects the minimal effect of different peptide sequences on the entropic barrier.

Despite size exclusion by entropic repulsion, GRASP allows selective transport of proteins with
dimensions greater than the measured correlation lengths. Meshes and size exclusion cutoffs are
fixed in rigid materials; however, a dynamic mesh size = emerges from heterogeneity, elasticity,
and thermal fluctuations in polymer networks.”"! This larger mesh size is equal to the physical
separation between crosslinking junctions, which is also the Flory radius of the adjoining polymer
strand. In GRASP, crosslink junctions are formed at the centers of tetra-arm PEG molecules, such
that a strand between junctions consists of an oligopeptide and two PEG arms (5 kDa molecular

weight per arm). For hydrated 10 kDa PEG strands, = is calculated as 10.0 nm,” which exceeds
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the 5.4 nm hydrodynamic radius of IgG.%° Therefore, IgG antibodies that are targeted by peptide

affinity interactions can overcome entropic repulsion and exhibit enhanced hydrogel permeation.

Affinity-Mediated Permeability Enabled by Bound-State Antibody Diffusion. FRAP and 1D
transport assays were applied to characterize the diffusivity, permeability, and selectivity of
antibodies in each GRASP. The lateral diffusion of fluorescein isothiocyanate (FITC)-labeled anti-
c-Myc IgG and polyclonal IgG were compared after equilibration in PEG—peptide networks with
varying peptide affinities. Figure Sa-b shows time-lapsed confocal microscope images of non-
specific polyclonal IgG and targeted anti-c-Myc IgG in a strongly interacting hydrogel (K4 = 0.56
uM). Raw experimental FRAP images were converted into normalized fluorescence intensity
curves (Figure 5¢) using double and full-scale normalization®! to enable quantitative analysis and
comparison across samples. This method utilizes three regions of interest (bleached spot, non-
bleached background, and non-fluorescent background) to correct for variations in the pre-bleach
signal, the loss of total signal during acquisition, and laser intensity fluctuations. Normalized
intensity curves /(¢) were fit using non-linear least squares regression in MATLAB according to

the closed form solution for diffusion in a circular spot:*’

10) = A%l (2) + 1, (2)) (19)
where 4 is a fitting parameter related to the mobile and bound fraction of biomolecules, 1y and /;
are modified Bessel functions of the first kind, and zp is a characteristic diffusion time. Fits of all
experimental data for non-interacting polyclonal IgG and interacting anti-c-Myc IgG are shown in

Figures S3 and S4, respectively. The effective diffusivity Des is calculated according to the

following relation:

Ders = w?/1p (20)
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1 where w is the radius of the bleached spot (14 pm). Dejreflects an average measurement of all

2 diffusive mechanisms exhibited by a biomolecular population.

(a) non-specific Abs: polyclonal IgG é;.}é f"\ﬁ

initial bleach(0s) 10s 25s 40s 55s
20 ym —
b Abs: anti-c-Myc | MNP
(b) target Abs: anti-c-Myc IgG X
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4  Figure 5. Interacting antibodies exhibit reduced diffusivity in GRASP. (a) Time-lapse images

5  from FRAP experiments of (a) polyclonal IgG—FITC and (b) anti-c-Myc IgG—FITC in the same
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hydrogel (K« = 0.56 pM) are converted into (c) normalized intensity with respect to time. (d)
Diffusivity (mean + st. dev.) of anti-c-Myc and polyclonal IgG—FITC in a GRASP series with

varying affinity interactions.

The diffusivity of non-specific IgG remained relatively unchanged across the GRASP series
(Figure 5d). Using the Stokes—Einstein relation, the free diffusivity of IgG in water is estimated
as 4.0x107! m?/s (Rigc = 5.4 nm),*® which is comparable to the measured diffusivity of polyclonal
IgG (2.1 = 1.0 x10"'"" m?/s) in PEG—peptide networks. The diffusivity of polyclonal IgG suggests
that non-binding biomolecules only exist in the unbound, freely diffusing biomolecular state,
wherein antibodies do not undergo affinity interactions with the gel. The diffusion of non-specific
polyclonal IgG also suggests that PEG—peptide networks have pores that are sufficiently large for

the selective permeation of anti-c-Myc IgG.

Anti-c-Myc IgG diffused more slowly than polyclonal IgG in all hydrogels. In the negative control
gel, anti-c-Myc IgG diffusivity was comparable to the average diffusivity of polyclonal IgG. As
oligopeptide domain affinity increased, anti-c-Myc IgG diffused more slowly, indicating a larger
bound fraction or slower bound state diffusivity via the walking mechanism. The combination of
a large subpopulation of bound-state biomolecules with non-zero bound-state diffusivity can lead
to enhanced biomolecular permeability in a polymer network, despite a reduction in the average

diffusivity.

GRASP permeability was evaluated using 1D fluorescence transport assays in a semi-infinite slab
geometry.’> 4° Briefly, borosilicate capillaries were partially filled with hydrogels, and
fluorescently labeled antibody solutions were introduced to the exposed interfaces. Antibody

diffusion across each buffer—GRASP interface was observed using fluorescence microscopy.
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Solutions containing polyclonal IgG or anti-c-Myc IgG (Figures 6a-b, respectively) were tested
separately. Transport of anti-c-Myc IgG across the interface was observed in hydrogels with 0.56
uM < Ky < 82 uM, as indicated by the development of an intense fluorescent band at the GRASP—
buffer interface. In contrast, weakly interacting (Ks = 200 uM) and negative control hydrogels
exhibited a slab diffusion profile with no enhanced binding or transport of anti-c-Myg IgG at the

interface. In all hydrogels, non-specific polyclonal IgG exhibited only a slab diffusion profile.

—» flux direction —»
(a) non-specific Abs: polyclonal IgG IgG solution GRASP

Smin 0.56 upM

(b) target Abs: anti-c-Myc IgG

Smin 0.56 UM

Figure 6. 1D transport assays reveal (a) entropic repulsion of non-specific polyclonal IgG-FITC

by each GRASP and (b) non-monotonic affinity-mediated permeation of anti-c-Myc IgG—FITC.

Anti-c-Myc IgG exhibited non-monotonic permeability with respect to Ka, consistent with
predictions of the two-state transport model. Anti-c-Myc IgG also exhibited the greatest
enhancement in permeation through hydrogels with intermediate K4 (26 and 82 uM), supporting
the notion of molecular walking during selective transport. Despite the distinct chemistry and

structure of GRASP in comparison to nuclear pore proteins, the macroscopically observable
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feature of selective permeability to anti-c-Myc IgG over polyclonal IgG is remarkably similar to
the response of selectively permeable nucleoporin-based hydrogels to nuclear transport

receptors.>> !

GRASP selectivity was measured using transport assays with two-color fluorescence microscopy
(Figure 7a). Antibody solutions consisted of a mixture of anti-c-Myc IgG—FITC (green) and
polyclonal IgG—Alexa Fluor® 594 (red). The GRASP-buffer interface was identified using bright-
field imaging to measure distance-dependent fluorescent intensity profiles (Figures 7b-c), which
were normalized to the intensity of the reservoir buffer. The selectivity of each GRASP was
quantified by the ratio of maximum normalized intensities between anti-c-Myc IgG and polyclonal
IgG (Figure 7d). Selective anti-c-Myc IgG permeability exceeded the performance estimated by
the two-state model, which predicts a maximum selective antibody flux ratio of 1.7 (details in SI).
The model suggests that antibody transport is particularly challenging due to limited binding sites
and strong binding affinities, especially in comparison to multivalent, low-affinity nuclear
transport receptors. Interestingly, GRASP exhibited approximately 3-fold increases in selective
anti-c-Myc IgG permeability in comparison to non-selective controls. GRASP transport properties
are easily tuned by careful selection of peptide and PEG domains, presenting an opportunity to

design versatile materials that control selective biomolecular transport.
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(a) 1D selective permeability assays ;
anti-c-Myc IgG—FITC + polyclonal IgG-Alexa 594 IgG mixture =  GRASP

S5min 0.56 pM

(b) 26 uM, 1 hr (c) N/A(control), 1 hr {(d) Selective permeability
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Figure 7. Selective permeability of GRASP. (a) Representative series of transport assays with
anti-c-Myc IgG (green) and polyclonal IgG (red). (b,c) Normalized fluorescence intensity profiles
for selective (K4 = 26 uM) and non-selective hydrogels. (d) Selective permeability (mean =+

standard error) is non-monotonic with respect to [gG—GRASP affinity.

Conclusions

Nucleopore-inspired hydrogels are designed and synthesized following key principles uncovered
by a molecular transport theory that predicts how binding interactions to a stationary polymer gel
can accelerate passive molecular transport: (1) entropic repulsion of undesired biomolecules and
(2) affinity-mediated permeability of target biomolecules through a walking diffusion mechanism.
To implement these principles in a novel material, Gels for Recognition And Selective Permeation
were designed, consisting of a polyethylene glycol network containing numerous oligopeptide

binding domains with selective affinity for a monocolonal antibody. The entropic barriers formed
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by PEG networks limit protein transport, while oligopeptide recognition by the antibody allows

selective transport of one monoclonal antibody from a polyclonal set.

Experiments and theory both demonstrate a non-monotonic effect of affinity interactions on
GRASP transport properties. Strong affinity interactions prevent walking mechanisms that allow
biomolecular transport in polymer networks, whereas weak affinity interactions prevent target
biomolecules from overcoming the entropic barrier of GRASP. A two-state molecular transport
theory suggests a broad parameter space for materials with selective transport properties, which

can be enhanced by increasing the valence of target biomolecules.

The use of multivalent receptors is a well-known biological strategy for transport, not only by

92,93 and clustered

nuclear transporters but also biological toxins,' ? nucleic-acid-binding proteins,
transmembrane receptors.”® Application of the two-state transport model will guide the design of
synthetic polymer membranes that replicate, if not enhance, the ability of biological membranes
to control molecular transport. In this way, GRASP provides a platform for the rational design of
versatile materials to regulate the detection, delivery, and separation of biomolecules, which could

broadly influence applications including the production of biopharmaceutical targets, treatment of

contaminated water and food, and development of synthetic anti-toxin materials.

ASSOCIATED CONTENT

Supporting Information. Details of the two-state model, including dimensional analysis, the full
analytical solution of linearized, steady-state transport through a 1D membrane, and molecular
parameters used to estimate GRASP performance. Gel conversion calculations using RENT.

Additional data from rheological characterization, SANS, and FRAP.
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