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Recent studies have shown that enzymes undergo chemotaxis up substrate gradients during catalysis. One
important avenue to identify the molecular level origins of this phenomenon is the ligand—protein binding
that occurs even in the absence of catalytic turnover. Here, the chemotaxis of zinc porphyrin as a cofactor
mimic was observed by imposing a concentration gradient of organic amines in the microfluidic device.
Their axial ligations led to the directed motions of porphyrin receptors. The dissociation constant for
selected recognition could be obtained by measuring the chemotactic shift as a function of ligand
content, which is associated with both the binding strength and the steric hindrance of the specific
ligand. Finally, a statistical thermodynamic model was derived, relating the change of Gibbs free energy
(AG) in the binding process to the directional migration of receptors. The theoretical model agreed

Received 31st August 2022
Accepted 7th November 2022

DOI: 10.1039/d2sc04849¢ quantitatively with experimental results, elucidating that AG of reversible binding essentially drives

Open Access Article. Published on 09 November 2022. Downloaded on 11/5/2025 8:40:45 PM.

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

(cc)

rsc.li/chemical-science molecular chemotaxis.

Introduction

Chemotaxis originally referred to the automatic shift of a motile
organism towards or away from higher contents of specific
stimuli.** Despite the signaling complexity in such a natural
stress reaction,? it is basically triggered by affinity events on the
cytomembrane,* thereby inspiring a rudimentary question of
whether mere nonliving biomolecules like receptors could also
behave in a chemotactic way. In response to this curiosity,
recent studies have discovered the biased migration of urease,
catalase, etc. up their respective substrate gradient during
catalytic turnover,®” as do a multiplexed ensemble of enzyme-
cascading metabolons plus the cell-mimicking vesicles.®®
However, the detailed mechanism of these phenomena remains
an open question." Besides, although the analytical expression
of colloidal diffusiophoresis was adapted for balance with the
enhanced diffusion term of enzymatic chemotaxis,""** at
present there is still no existing model that reaches quantitative
agreement with real sets of experimental results.”® Together,
both issues are not only of fundamental significance, but to
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unravel the underlying principle would have profound impli-
cations for a broad scope of applications. This includes assist-
ing in the navigation across the blood-brain barrier for targeted
drug delivery,™ improving directed draining of DNA strands
down through nanopores,'”® preconcentrating hydrophobic
dialysates in Ficoll solutions,'® separating antibodies of high
activity from those that are isostructural yet denatured,"” self-
assembling reticular nanomaterials in a lab-on-a-chip,'® and
even purifying water.'® All these processes are currently subject
to the limitations of passive diffusion-driven kinetics, which
could further be boosted by directional impetus.

Reviewing the classic Michaelis-Menten theory,* identifi-
cation of the molecular level origins of enzyme chemotaxis will
require untangling and understanding the contributions of
several putative pathways.”* One important avenue to consider
is the ligand-receptor coupling that occurs even in the absence
of biocatalytic turnover.”** To help explore the role that pure
recognition can play in the chemotaxis of small species, we
devised a fluorescent porphyrin system, zinc(u) meso-tetrakis{4-
[3,4,5-tris((S-3,7-dimethyl-octyl)oxy) aniline]acylphenyl}por-
phine (ZnTCPP-TOA), which serves as a simplistic binding
model without involving catalysis (Fig. 1 upper left).>* Specifi-
cally, its interactions with organic amines take place based on
the axial ligation of multichelate Zn** with the lone-pair elec-
trons of nitrogen atoms on either a heterocyclic or an alkyl
chained moiety.”® The resulting complex is typically 1:1 in
stoichiometry,* rendering a five-coordinated motif (Fig. 1) with
high reversibility due to the innate labile ligand exchange
dynamics of d'° Zn** complexes.?*** A remarkable advantage of
choosing this probe for the ligand-receptor interplay is that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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znTcpp-Toa  Nligand

Fig. 1 Schematic illustration showing the chemotaxis of a receptor
molecule, ZNTCPP-TOA, towards the ligand pyridine in a microfluidic
channel. As the cross-channel vague arrow indicates, both receptor
and ligand migrate up the gradient of the other, whose direction is
perpendicular to the flow. The upper left schematic depicts the 3D-
rendered chemical models in the axial-ligated binding.

ZnTCPP-TOA emits photo-luminescence (PL),> which allows its
concentration profile to be in situ imaged via epifluorescence
microscopy in microfluidic channels. The observed distribution
change as a function of the ligand amount enables the extrac-
tion of equilibrium dissociation constants (Kp) from binding
assays. Moreover, monitoring the extent of lateral translation
offers a new approach to evaluate the nucleophilic strength of
homologues along with the aggregate state of ZnTCPP-TOA. By
using a thermodynamic binding model, a microscopic deriva-
tion of the chemotactic force was developed, revealing a “cross-
diffusional” coefficient that was regulated by K. The modelling
and simulation results were in quantitative consistence with
experimental measurements.

Results and discussion
Ligand binding induced chemotaxis of ZnTCPP-TOA

Experiments were conducted inside a trident-shaped micro-
channel with three inlet ports meeting at a junction to form
a single main conduit. This platform was tailor-made using
hard lithography (details on the device and platform fabrication
are provided in the (ESI) as Fig. S1t). In a first set of experi-
ments, methylcyclohexane (MCH) containing 100 pM ZnTCPP-
TOA (synthesis and structural validation are shown in Fig. S2
and S31) was introduced into the middle inlet at an optimal flow
speed of 50 uL h™' (Fig. S4t), while blank solvent was input
through the two side lanes at the same rate (Fig. S1Bt). The
lateral diffusion profile of the fluorescent porphyrin macro-
molecule was detected at the confluence (upper ROI, Fig. 2C)
and again 18.5 mm downstream near the outlet (lower ROI,
Fig. 2D). It took 11.2 s for the solution to cover this distance. The
dashed vertical lines in Fig. 2C and D highlight the maximum
ZnTCPP-TOA concentration that is in the middle of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (Upper panel) lllustrated channel inflows and diffusion status of
(A) the basic set or the blank control of MCH/receptor/MCH, and (B)
the focusing regime of MCH/receptor + ligand/MCH. (Lower panel)
The red dotted lines denote the sampled Regions of Interest (ROIs)
near the entry (Upper) and the exit (Lower) ports, respectively. Plots of
the mean normalized intensity profiles as a function of the lateral
position across the channel width when viewed at (C) the upper and
(D) the lower ROIs of (B), which was 18.5 mm downstream. The dashed
vertical lines denote the middle of the symmetric concentration
distributions. The red and blue fluorescence profiles represent
conditions where 100 mM pyridine was present and absent,
respectively.

symmetric PL profiles. As can be seen, these distributions
become widened and more Gauss-function like as ZnTCPP-TOA
flowed downstream, yet symmetry remains. As such, there was
no obvious shift in the position of the dashed line.

Two different sets of data are shown in Fig. 2C and D. The
blue profiles correspond to conditions without pyridine, while
the red ones represent those where 100 mM pyridine was also
syringed into the middle inlet. The initial full width at half
maximum (FWHM) value was 69 pm in the upper ROI whether
pyridine was present or not. This value increased to 99 um in
the lower ROI in the absence of the ligand, simply due to
Fickian diffusion. Notably, however, the FWHM in the lower
ROI was only 84 um when 100 mM pyridine was added in the
central inlet. This means a 15 um contraction. Indeed, the
presence of the ligand helped to counteract the outward diffu-
sion of ZnTCPP-TOA under these conditions. In this way, the
porphyrin molecules appeared to chemotax up the ligand
gradient that formed as the two species travelled downstream.

Next, 100 uM ZnTCPP-TOA was injected into the centre
channel, while 100 mM pyridine was flowed through both the
left and the right channels. The red curve in Fig. S5Bt depicts
the concentration profile of ZNTCPP-TOA in the lower ROI in the
presence of pyridine. A control without pyridine from the same
area is displayed in blue. Again, the presence of pyridine was
found to affect the FWHM of the line profile. In this case,
putting pyridine in the outer channels caused the FWHM value

Chem. Sci., 2022, 13, 14106-14113 | 14107
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to expand from 90 to 98 um. By contrast, when the ligand was
simultaneously deployed via all three channels, no change was
observed among the FWHMs (Fig. S5AT).

In addition to the focusing and defocusing/spreading
regimes (Fig. S61), the ZnTCPP-TOA profile could also migrate
collectively to the left or right. To do this, 100 pM ZnTCPP-TOA
was added in the central channel, meanwhile 100 mM pyridine
was passed through either the left (Fig. 3A) or right (Fig. 3B)
lane. Noticeably, the peak in the concentration profile moved by
around 16 um to the left side when this was done at the lower
RO]J, as indicated by the offset of the profile from the dashed
perpendicular line in the presence of pyridine. These results
offer extra evidence that ZnTCPP-TOA chemotaxes up a gradient
of the pyridine ligand. It should be noted that all profiles at the
upper ROI were identical to the one showcased in Fig. 2D in the
focusing experiment (Fig. S5C¥).

The discrepancy in the PL profiles of Fig. 3D can be used to
define a quantity, the chemotactic  shift:
ou = [ x[I(x) — Ic(x)]dx, where I;(x) and I(x) represent the
normalized intensity profiles with and without the ligand,
respectively, while du is the net chemotactic shift of the PL
signals (detailed definition and deduction are provided in the
ESIT). This variable can be employed to glean quantitative
information about the ligand-receptor binding interaction. To
do this, 100 uM ZnTCPP-TOA was flow-injected into the centre,
while varying concentrations of pyridine (cligand) were intro-
duced in the left channel. As shown in Fig. 4B, the chemotactic
mobility depended strongly on Ccigang, and the variable of
chemo-tactic shift (0u) is plotted as a function of cjgana in
Fig. 4C (black points). These data can be fitted to a binding
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Fig. 3 (Upper panel) lllustrated channel inflows and diffusion status in
the regime of (A) the leftward collective migration (ligand/receptor/
MCH) and (B) the rightward collective migration (MCH/receptor/
ligand). (Lower panel) Normalized intensity profiles of 100 puM
ZnTCPP-TOA in contact with 100 mM pyridine placed in the (C) left
and (D) right channels, respectively. The red dashed lines represent the
conditions with pyridine, while the blue ones represent control
experiments in the absence of the ligand.
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Fig. 4 (A) Molecular structures of each ligand. (B) Normalized PL
intensity profiles for 100 uM ZnTCPP-TOA in the presence of varying
concentrations of pyridine. The arrow specifies the leftward trend of
profiles with increasing ligand concentration. (C) The peak displace-
ments for four different pyridyl derivatives: (a) pyridine (Py), (b) 3-flu-
oropyridine (3-PyF), (c) 3-chloropyridine (3-PyCl), and (d) 3-bromo-
pyridine (3-PyBr). The solid lines represent the best fits to egn (1). The
chemotactic profiles for the latter three titrants are supplied in Fig. S8.1

isotherm.?® In this case, u on the y-axis is used as a parameter
for the fraction of ligand-bound receptors (black curve):

Bmax X Cligand (1)

ou =
KD + Cligand

Here, Bp.x represents the maximum chemotactic shift (the
amplitude) at relatively high ligand concentrations, and Ky, is
the equilibrium dissociation constant for ligand-receptor
complex formation. The fitted values obtained from this
experiment were Bp.x = 33.49 + 1.41 um and Kp = 1.81 +
0.37 mM. To confirm the Ky, value, we carried out additional UV-
visible spectrophotometry experiments measuring the red-shift
in the Soret band upon pyridine binding.*” The titration gave
a value of 1.98 &+ 0.21 mM (Fig. S10AY). Literature studies re-
ported close Kp values of 6.85 mM by fluorescence quench-
ing,®* which was also validated by our fluorimetry results
shown in Fig. S11A.f Therefore, this chemotactic shifting
method seems to yield thermodynamic dissociation constants
that are in reasonable consensus with those measured by other
techniques.

To ensure the receptor shifting was due to its binding with
ligands, pyridine was replaced with methylbenzene, an
analogue of MCH with no binding site for ZnTCPP-TOA. As
shown in Fig. S7A,T even if c¢ioyene increases up to 100 mM, there
is still no appreciable éu for ZnTCPP-TOA (Fig. S7BT), thus
providing another piece of circumstantial evidence for the
binding-induced molecular chemotaxis. Next, ligand-binding
experiments were carried out with a series of halogenated
pyridines including 3-fluoro-, 3-chloro-, and 3-bromo-pyridines.
These data-points are also plotted in Fig. 4C and the ligand
structures are depicted in Fig. 4A. The extracted fits for By,,x and
Kp are summarized in Table 1. The Ky, ordering of Py < 3-PyBr <
3-PyCl < 3-PyF matches the inverse relationship of their nucle-
ophilicity.>**** To be exact, molecules with stronger nucleophi-
licity such as Py and 3-PyBr bound more tightly to ZnTCPP-TOA,
as compared to 3-PyCl and 3-PyF.>>*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Estimated Bpax and Kp values of the binding between
ZnTCPP-TOA and N-ligands using both spectrophotometric and
chemotactic titrations

Chemotaxis Absorbance

Ligand Kp (mM) Bmax (1m) Kp (mM) Bmax (a.0.)

Py 1.81 £ 0.37 33.49 +£1.41 1.98 £+ 0.21 1.11 £ 0.06
2-PyBr 9.93 + 3.04 16.17 + 1.38 4.22 + 6.43 1.03 £ 0.28
2-PyCl 18.93 + 3.14 13.65 £ 0.71 15.08 + 11.06 1.09 £ 0.01
2-PyF 35.51 £ 7.25 6.29 + 1.17 34.48 + 22.04 1.20 £+ 0.11
3-PyBr 2.72 £ 0.61 23.20 + 1.12 1.94 £+ 0.71 1.44 £ 0.11
3-PyCl 6.63 + 1.09 22.05 + 0.93 3.94 + 1.63 1.34 £ 0.15
3-PyF 7.16 £ 1.01 9.22 £+ 0.34 5.38 £+ 2.49 1.26 £+ 0.12
NH[OCtyl)Z 0.13 + 0.05 13.89 + 0.67 0.11 £ 0.09 1.10 £ 0.11
N(octyl)3 0.007 £ 0.003 13.58 + 0.56 0.003 £ 0.002 1.11 + 0.08

Noteworthily, the extent of chemotactic shift, (6¢)max = Bmaxs
for the four ligands follows a reverse sequence of Py > 3-PyBr > 3-
PyCl > 3-PyF. Pyridine has the largest (64)max of ~21 pm above
all, almost 1.5 times that of 3-PyBr and 3-PyCl, whereas 3-PyF
moved the shortest distance. As can be observed from the
structures shown at the top of Fig. 4, the electronic withdrawal
of halogen atoms (i.e. F > Cl > Br) at the meta-position weakens
to various degrees the electron-donating capacity of N that can
bind to the metal site on the porphyrin.* In this sense, the
origin of the chemotactic shift towards similar ligands should
be correlated to their binding strengths.

As well as the three meso-halogenated pyridyl derivatives,
their ortho-counterparts, i.e., 2-PyF, 2-PyCl, and 2-PyBr, were
also tested as ligands (Fig. S9Et). Furthermore, using the fits
between ou and cjigang in Fig. SOD,T Bmax and Kp, for the set of 2-
position pyridines were calculated and included in Table 1 as
well. Clearly, the K value of each kind of 2-halopyridine is
unanimously greater than that of its corresponding 3-substit-
uent. Precisely, it is the steric hindrance around the heterocyclic
N that suppressed these ligand affinities and concurrently the
chemotactic shifts.

To further explore the role that other types of ligands may
play in the receptor chemotaxis, we studied the chemotactic
behaviour of ZnTCPP-TOA with two soluble aliphatic amines,
di-n-octyl-amine (NH(octyl),) and trioctylamine (N(octyl)s).
Unlike N-doped hetero-cycles, the secondary and tertiary alkyl
N bound much tighter, as manifested in the chemotactic shifts
of Fig. 5D and E, respectively. In both cases, the coloured data-
points and grey curves depict the chemotaxis responses of
ZnTCPP-TOA. As compiled in Table 1, the Kp values for
NH(octyl), and N(octyl); were found to be lower by at least one
order of magnitude compared to those of the pyridyl series,
highlighting the much tighter binding to the receptor. None-
theless, the (6¢)max values of the two are essentially the same
within experimental error and fall between that of 3-PyF and 3-
PyCl. The reason for this could be explained, as shown in
Fig. S10A-D,T by the fact that a split Soret band emerges and is
preserved with the increase of all four c¢pyrigine, whereas for both
NH(octyl), and N(octyl);, only one spike remains at 428 nm
(Fig. S10E and Ft). Likewise, each 2-halopyridine-dependent Ky,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Molecular structures of singlet ZnTCPP-TOA vs. NH(octyl),

(left) and N(octyl)s (right). Normalized line profiles for 100 uM ZnTCPP-
TOA in the presence of varying concentrations of (B) NH(octyl), and
(C) N(octyl)s. Arrows suggest that the distribution shifts to the right
with increasing ligand concentration. The grey solid lines in (D) and (E)
are the corresponding nonlinear fittings of the peak shift of PL intensity
distribution from (B) and (C), respectively.

was obtained from Fig. S11A-C,T and compared with that from
Fig. S9,T and they do not differ much between the two methods.
The absorptions jump at higher ¢, pyr, C2-pyc1 and ¢;.pypr, making
the fits conspicuously deviate from the standard Langmuir
isotherm. According to Meijer et al.,*' pyridine is capable of
inducing a spontaneous dimerization forming a 2:2 complex
with ZnTCPP-TOA in which two porphyrins inter-stacked with
a mono-valent ligand on both sides, whereas NH(octyl), and
N(octyl); always form the regular 1: 1 complex (Fig. 5A).>>** The
former could be treated like a divalent binding complex, which
means the Kp value for ZnTCPP-TOA and pyridine binding
should be an apparent one out of a net binding reaction. In light
of this, the ligand-receptor stoichiometry (Sg.) also contributes
to the chemo-tactic amplitude. Altogether, including the ligand
size (Vy, i.e. the volume exclusion), an empirical dependency of
(61)max on the known factors can be formulated as:

SRL

0 ~
( Iu)max KD X VL

(2)

Mechanism for chemotaxis

Diffusion-ordered NMR spectroscopy (NMR-DOSY, Fig. S131)
was applied to study the effect of pyridine on the diffusivity of
ZnTCPP-TOA using the chemical shift of deuterated MCH
(MCD) as a marker.*® Detections were made with cpyridine

Chem. Sci., 2022, 13, 14106-14113 | 14109
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Table 2 Effect of pyridine concentrations on ZnTCPP-TOA diffusivity

Cpyridine 0 10 uM 1 mM 10 mM 100 mM
Dznrepproa (X107% em? s71) 3.20 + 0.19 3.26 + 0.21 3.36 + 0.25 3.38 + 0.24 3.42 +0.24

ranging from 0 to 100 mM. The diffusion constant (D) values as
a function of cpyrigine are listed in Table 2. This tendency devi-
ates from the notion that the diffusion constant of porphyrins
should be nearly completely unperturbed by the binding of
pyridine, because ZnTCPP-TOA could self-assemble into labile
H-aggregate-like oligomers.*® Binding with pyridine continu-
ously depolymerized them while the subsequent solvation in
MCH of weak polarity led to a slightly enhanced diffusion at low
Cpyridine; Whereas a high cpyrigine inter-spaced ZnTCPP-TOA
thoroughly into free dimers, as corroborated in Fig. 6A.
Dpyridine Was examined separately by using DOSY as well. The
diffusion constant of this small molecule was (2.28 + 0.15) X
107> ecm® s™! in the absence of ZnNTCPP-TOA. After the intro-
duction of 100 mM ZnTCPP-TOA, this value was found to
decrease to (1.85 + 0.21) x 10~° cm® s !, which proves that the
small ligands were substantially slowed down by the binding
process. Here, it is worth noting that except for the collective
adsorption of tiny dyes on a polymer,” the bacteria-liked
chemotaxis of a relatively large entity induced by its pure

Fig.6 Morphology characterization using SEM (left column, scale bar:
1 um) and confocal microscopy (right column, scale bar: 5 um) of
a solid mixture of 100 uM ZnTCPP-TOA with (A and B) O, (C and D)
5 mM, and (E and F) 100 mM pyridine. The SEM insets show the
structural evolution of ZnTCPP-TOA at the three cjjgang Checkpoints.

14110 | Chem. Sci, 2022, 13, 14106-14113

binding with smaller ligands is observed for the first time here
without the help of either (bio)catalysis or diffusiophoresis.>”*

The binding process was further visualized using scanning
electron microscopy (SEM) and confocal microscopy. As shown
in Fig. 6, 100 pM ZnTCPP-TOA collapsed to self-agglomerates in
the shape of (0.94 + 0.10) um knots during evaporation of MCH
(the solvent, Fig. 6A and B), mainly because of its TOA periph-
erals that facilitated hydrophobic bundling among ZnTCPPs.*
In stark contrast, the presence of 5 mM pyridine unfolded the
coils partially (Fig. 6C and D), followed by total dissociation into
long but loose strings in the dry state with the addition of
excessive pyridine (Fig. 6E and F). These variations in
morphology illuminate and justify the growth in diffusivity
shown in Table 2 as well as the UV spectral changes upon
gradual addition of pyridyl compounds shown in Fig. S10.7 As
shown in Fig. 5A, the complex unit would likely chain up to
form a thin nanowire via ligand-ligand interaction during the
desolvation.”® By and large, the overall chemotaxis of ZnTCPP-
TOA towards the gradient of pyridine can be illustrated in Fig. 7.

Thermodynamic model

The microfluidic and diffusion constant data point to the idea
that the free energy of binding is sufficient to cause chemotaxis,
as has been previously suggested by Schurr.>*® In essence,
chemotactic drift arises from a thermodynamic driving force
that lowers the overall chemical potential of the system due to
favourable ligand binding. Therefore, we designed a model to
test whether the free energy of binding could elucidate the
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Fig. 7 A general scheme for the binding-induced chemotaxis of the
receptor. The chemotactic shift 6u of ZnTCPP-TOA as a function of
ligand concentration can be used to extract the equilibrium dissoci-
ation constant Kp.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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directed motion observed in this ligand-porphyrin system. To
begin, we note that the binding interaction between receptor
and ligand should generate a thermodynamic force that drives
the two in tandem.” We derived this force by applying
McMillan-Mayer solution theory for dilute solutes with
a binding equilibrium.**

Considering a solution with three dilute species: free
receptor (Ro), free ligand (L,), and a receptor-ligand (RL)
complex, we assume that at every point, R, in solution, the
ligand and receptor are in binding equilibrium with an equi-
librium dissociation constant, Kp:

CRy X €L,

= ()

CRL =
where Kp, = ¢® x Kp, is the dimensionless binding constant and
¢® is a reference concentration. We define cg = g, tcrpand ¢ =
¢z, + cre as the total receptor and ligand contents, respectively,
and ug and y;, as the corresponding effective chemical poten-
tials that govern the equilibrium distribution of ¢y and c. For
each total species, « = R or L, the effective chemical potential
may be expressed as:

* Cq
Mo = My +RT lnc—@ —RTIné&, (4)

In this equation, the first term is the standard state chemical
potential of the free species in solution; the second is the
standard contribution from the translational entropy; while the
last reduces the chemical potential due to the binding interac-
tion, whose contribution is expressed in terms of a binding
polynomial,**** which for the receptor and ligand may be
expressed as:

CR CrL,

fp=—=14+= (5)
CRy D

= toigh (6)
Cr, D

Both effective species, « = R and L, will experience a thermo-
dynamic force driving them towards regions of reduced chem-
ical potential:

Fa(R) = _V/J'a (R) (7)
= —VRT In[cy(R)/c®] + VRT In £,(R)

The first contribution to the force drives diffusion away from
regions of high concentration in order to maximize the trans-
lational entropy. The second contribution drives the molecules
towards their free binding partners in order to minimize their
binding free energy.

Assuming that the solute motion is in an overdamped
regime, the net fluxes are

Jr(R) = —DrVc (R) + Drp(R)Ver (R) (8)

JL(R) = —DrVe (R) + DLo(R)Veg (R) ©)
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The first term corresponds to Fick's law where Dy and Dy, are
effective diffusion constants for the total receptor and ligand
concentrations, respectively. In principle, these effective diffu-
sion constants depend upon the varying ratio of free and bound
molecules,* though such complications are neglected here. The
second term describes the flux towards the free binding part-
ners with an apparent “cross-diffusional” constant that reflects
the binding constant:

O
- DLCL(R)
Diy(R) = KofL(R) (11)

Note that, though previous studies proposed cross-diffusion
of this form,>® the present derivation clarifies that the cross-
diffusion reflects a thermodynamic force generated by equilib-
rium binding interactions rather than more complicated non-
equilibrium phoretic or hydrodynamic phenomena.** Finally,
conservation of mass implies that the effective concentrations
evolve according to:

dcy(R)
ot

— VJ.(R) (12)
for each effective species, « = R and L.

Despite its simplicity, this thermodynamic model nicely
describes and predicts the experimental observations of
chemotactic movement. Specifically, we considered the case
that 100 pM receptor (i.e. ZnTCPP-TOA) enters the centre
channel of the microfluidic device, while varying concentrations
of ligand (i.e. pyridine) enter into the right channel. We simu-
lated the concentration profile of each species as it flowed
through the channel, and compared the output lateral profile
for the total concentration of free and bound receptors with the
observed fluorescence at the lower ROIL.

We adopted a “plug-flow” approximation for the fluids of
ZnTCPP-TOA and pyridine down the channel, while modelling
the evolution of concentration profiles transverse to the flow via
the 1-dimensional Smoluchowski equation established from
eqn (7)-(11) with a non-flux boundary condition at the channel
walls.*® This kernel function was enacted in a simple explicit
forward-time centred-space differencing scheme, while using
an integration time step of 15 ps and a mesh of 720637 grid
points. We numerically integrated these equations for 11.2 s,
corresponding to the time for solutes to swim down the
channel. The source code (SI) underwent rigorous bench-mark
tests with respect to the integration time step and grid
spacing. Since the entering profile of nonradiative ligands was
difficult to probe in situ, the initial concentration of each
species was hypothesized to be invariant across the channel.
Nevertheless, we slightly smoothed the concentration profiles at
the entrance channel boundaries for numerical stability.

This thermodynamic binding model is dictated by three key
parameters: the equilibrium dissociation constant (Kp) and the
effective diffusion constants of the receptor (Dg) and the ligand
(Dy). Note that the three were taken as independent of solution
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composition to reproduce the experimental fluorescence
distributions. In particular, Dg = 3.20 x 10~° cm” s~ ' being the
exact value determined from NMR-DOSY was input to fit the
signal of ZnTCPP-TOA in the absence of pyridine, as tabulated
in Table 2. Besides, D;, = 2.28 x 10 ° cm* s~ ' according to NMR-
DOSY at intermediate cpyrigine, Since the receptor fluorescence
responds most sensitively in this regime (Fig. S12AT). Fig. 8A
shows the simulated profiles for total concentration of Zn'TCPP-
TOA after 11.2 s. The simulated profile shifts towards the ligand
with increasing ligand density. Fig. 8B compares simulated and
measured chemotactic shifts over a range of ¢pyrigine- Further-
more, the magnitudes of the simulated and measured chemo-
tactic shifts agree very well, both being well fit by nearly
identical curves corresponding to eqn (1). The computational
Kp is 1.87 mM, very close to the range of values, i.e., from 1.81 to
1.98 mM, already mentioned in the above context from various
approaches. In view of these results, given the simplicity of this
thermo-dynamic model, the few assumptions regarding the
program initialization, and the similarities between the exper-
imental and simulative conditions, such agreement is quite
encouraging.

This thermodynamic formalism can be extended to more
complicated binding scenarios, e.g., the case involving multi-
valent ligand-receptor binding, and the interaction among
receptors (aggregation) as characterized before. The latter will
then cause additional restraint on the diffusion of total receptor
species and, accordingly, withhold the thermodynamic pro-
pulsion for porphyrin chemotaxis,*® which will shrink the
FWHM of the profiles in Fig. 8A closer to those in Fig. 4B.

Based on both simulations and experiments, it is clear that
thermodynamically favourable binding alone can lead to the

(A) 1.0 Lower Cllgand:
2 ROI -0
@ 08 — 100 nM
Q
€ 06} -1
el —10
ﬁ 04 100
g 02 — 500 uM
2 00 uffser/recgptor/ligand =S _:.)

0 71 142 213 284 10

Distance (pm) —50
(B) 24 — 100 mM
e M poge=mac
=9
Sl f
<
%] .
L 4 O experimental data
I : o simulative data
° — experimental fit
% 0 -- simulative fit
=
o 0 25 50 75 100
c[ligand] (mM)

Fig. 8 (A) Normalized simulated gradient profiles of 100 uM ZnTCPP-
TOA at different cpyrigine (MCH/ZNTCPP-TOA/pyridine) (from the
middle to the right: 0; 100 nM; 1, 10, 100, 500 uM; 1, 5, 10, 50, 100 mM)
as a function of lateral position along the channel width. (B) The
relationship between the peak shift relative to the blank (MCH/
ZNTCPP-TOA/MCH) and Cpyrigine. and its fit to eqn (1).
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chemotactic movement of receptor molecules up a concentra-
tion gradient of ligands. The close quantitative agreement
between theory and experiments suggested that other factors,
such as nonspecific phoretic interactions, viscosity changes
(Fig. S167), or hydrodynamic forces,**¢ played at most only
a minor role in the chemotactic migration of such small
molecules. Additionally, a concomitant smaller change in the
diffusivity occurred for the receptor upon ligand binding, which
may not necessarily be a prerequisite for chemotaxis,*” though
both of these factors have been invoked appreciably in previous
mechanistic models for enzyme chemotaxis."”® Of course, the
type of free energy-driving force found here requires equilib-
rium binding to occur, and binding that is irreversible on the
timescale of these measurements (i.e. 11.2 s, Fig. S12B7) would
not necessarily produce similar results.

Conclusions

Chemotaxis may play a hitherto unsuspected role in promoting
processes involving interactions that are free energy favourable.
For example, the kinetics of mixing may be faster in solutions
involving components that interact with one another in
a manner that is free energy favourable. Such reactions may
take place in a wide variety of contexts from the interactions of
proteins with metal ions to the interactions of colloidal particles
in coatings.*”*®* Such forces can therefore be additive in
a multivalent binding ensemble. As such, proteins with multi-
valent binding sites may be employed to enhance chemotaxis.*®
Additionally, systems with many favourable specific solute
recognitions or nonspecific solvation would be expected to
undergo large shifts.***
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