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Polylysine-Coated Surfaces Drive Competition in Chemical
Reaction Networks to Enable Molecular Information

Processing

A. Hazal Koyuncu,®"® Jacopo Movilli,”
Jurriaan Huskens,*'

This work describes a competing activation network, which is
regulated by chemical feedback at the liquid-surface interface.
Feedback loops dynamically tune the concentration of chemical
components in living systems, thereby controlling regulatory
processes in neural, genetic, and metabolic networks. Advances
in systems chemistry demonstrate that chemical feedback could
be designed based on similar concepts of using activation and
inhibition processes. Most efforts, however, are focused on
temporal feedback whereas biological networks are maintained
by the interplay between temporal and spatial organization.
Here, we designed a feedback system comprising a simple acid-
base equilibrium that can be perturbed by two opposing

Introduction

Biology exploits spatial organization to control signal trans-
duction in biochemical networks."? Ongoing efforts in systems
chemistry demonstrate that feedback loops - sets of chemical
reactions that represent the smallest possible modules in such
networks® - may be carefully designed to display behavior
ubiquitous in living systems (e.g., bistability, oscillations, and
other modes of transient behavior).”! Many different schemes
for interconnected feedback loops (so-called network motifs)
exist in theory,""’ and tethering molecular reactions on a surface
in particular could provide an attractive strategy to create
feedback loops capable of local regulations of (bio)chemical
reactions.”® The practical realization, however, requires careful
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activation processes. Crucially, one of the processes is immobi-
lized on the surface of a microfluidic channel using poly-L-lysine
(PLL). We measured the capacity of the PLL-coated channels to
resist changes in pH in flow using a pH-sensitive indicator,
phenol red, and showed that this capacity can be increased by
employing polyelectrolyte multilayers. Specifically, we found
that the rate of local activation (i.e., the deprotonation of the
immobilized lysine residues) could be significantly increased to
delay the otherwise fast equilibrium. This effect allowed for
encoding read and write operations, providing the potential to
bestow CRNs with the capacity of molecular information
processing.
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Figure 1. Competing activation network. a) Network motif wherein two
opposing activation processes center around an equilibrium reaction. |, and
I, indicate two possible states of an equilibrium reaction. B indicates a
species that can activate |,, and A indicates a species immobilized on a
surface that can activate |,. b) Reactive surfaces are prepared by adhering
poly-L-lysine in microfluidic channels, which surfaces are made from glass or
PDMS (see Supplementary Information S2).

Coating layer
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considerations in balancing the reaction rates involved in the
activation and inhibition processes.”

The design of chemical reaction networks (CRNs) typically
involves two or more feedback loops.®? Methods that enable a
delay time in (often opposing) feedback loops and maintain
out-of-equilibrium conditions are therefore essential in the de
novo design."” On the one hand, previously reported CRNs use
synthetic strategies to implement rate dependency (e.g., driven
by enzymatic"'~'® or acid-base reactions™'"') and concentration
dependency (e.g., driven by aggregation, ™' or phase
separation®?") to create sufficient balance in the delay time.
On the other hand, microfluidics® is employed to maintain
reactions in well-mixed open reactors — so-called continuous
flow stirred tank reactors (CFSTR)"'?*. We question how we can
leverage methods in the fabrication of microfluidic systems to

© 2023 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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balance feedback loops and incorporate the spatial control
thereof.

Here, we designed a new method for controlling feedback
loops. Figure 1a depicts the network motif which consists of an
equilibrium reaction that can be perturbed by two opposing
activation processes, one of which is immobilized on a surface.
We used poly-L-lysine (PLL) to functionalize the surface of
microfluidic channels as it can bind strongly to glass and
polydimethylsiloxane (PDMS),*® while providing free amine
groups as the reactive layer (Figure 1b). We first demonstrated
that control over local activation allows for tuning the strength
of the chemical feedback, and developed a mathematical model
to support our findings. We then created polyelectrolyte
multilayers (PEMs) to change the capacity, and thereby the rate
of the deprotonation of the immobilized lysine residues. Finally,
we demonstrate that the high control over the stimuli-response
curves of PEM surfaces allows for encoding read and write
operations.

Results and Discussion
Competing activation as a result of a three-stage process

Our experimental setup consists of low-pressure pumps that
continuously feed the PLL-coated channel with an acid, a base,
and a pH indicator (phenol red, /) (Figure 2a). We first developed
a mathematical model (Supplementary Information S4) to
simulate how the competition between the bulk activation and
the local activation could occur as part of a three-stage process
(Figure 2b): i) an acid (indicated as H™) is used to protonate, to
‘charge’, the free amine groups of the lysine residues that are
immobilized on the surface. The state of phenol red (protonated
form, I;, or deprotonated form /,) depends on the pH. In this
stage, only phenol red in state I, should be present in the
channel; ii) a base (indicated as ‘OH™) is used to change the pH
which forces the deprotonation of phenol red. The charged
lysine residues (NH>*) on the surface, however, causes the
opposite transition by either protonating phenol red or
neutralizing the base locally; iij) the capacity of the reactive
surface is effectively limited by the number of lysine residues
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Figure 2. Experimental setup. (a) Schematic representation of the flow
setup with the input pH controlled by syringes mounted on low-pressure
pumps and the output signal detected in the outflow (see details in
Supplementary Information Figure S2). (b) Simulated time series showing
the three-stage process depicted as (i) charge, (i) competing activation, and
(i) equilibrate. The model consists of a set of five differential equations (see
details in Supplementary Information S4). (c) Experimental time series
showing that the network can produce two different states of phenol red.
The input pH (grey line) is maintained for 15 min at alternating pH values, 3
and 10. The output signal (red line) is determined by integrating the
absorbance at 550-570 nm. The units of the signal are arbitrary; below

pH 6.8 the signal is considered low. Above pH 8.2, phenol red turns into pink
color and hence the sharp increase to a high signal (i.e., a high [1,]/[/,] ratio).
Initial conditions for (b) and (c): [/],=22.5 uM. flow rate =3.33 uLmin™".

available in the reactive layer and the system establishes an
equilibrium, determined by the ratio [1,]/[/;].

We then used fluorescein-labelled PLL (Mw=15-30 kDa,
and 0.03-0.1% fluorescein) to confirm that PLL is indeed
immobilized on, and homogeneously distributed across the
channel (Supplementary Information, Figure S6). We set the
pumps to change the input pH in the channel in a sequence
that alternates between pH3 and 10, and determined the
output of [,]/[/;] using an absorbance detector connected to
the outflow of the channel. The output signal follows the
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pattern of the input pH, and in accordance with the predictions
from the model, the output signal is slightly delayed compared
to the input pH. The observation that this readout remains
consistent throughout multiple cycles demonstrates that our
experimental platform can establish a robust readout of the
intended competing activation network. To ensure that the
coating remained anchored on the surface, we also demon-
strated that the fluorescence intensity in the channels is
unchanged over the course of the experiment (Supplementary
Information, Figure S6).

Capacity of PLL-coated devices

Like a buffer, the PLL-coated channel has the capacity to resist
changes in pH. We determined this capacity by comparing the
apparent delay in the output signals of a PLL-coated and an
uncoated device (Figure 3a). An abrupt change in pH is
introduced after 15 min, whereafter we determined the time it
takes for the output signal to change from 0 to 1 (i.e, the
normalized values for a low to a high [,1/[/;]). This ‘delay time’
, taeiays represents the time required to recover 50% of the initial
system with uncharged lysine residues in the channels (Supple-
mentary Information, S4.3). We measured this value in our
experiments by subtracting the delay time of an uncoated
device (t°, wherein the delay of a signal arises from the time
required for transport from the device to detector) from the
delay in the coated device (t'): tyyq, = t' — t°.

For instance, the delay time under the conditions depicted
in Figure 3a is 0.8 min. Supplementary Information Figure S9
shows that the t,,,, decreases as a function of flow, especially
at higher flow rates (k;> 7.8 uLmin™"). This observation suggests
that there is a regime wherein the reactive layer can compete
with the base but that beyond a specific flow rate, the role of
the reactive layer diminishes. This behavior at pH 10 was also
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observed in our simulations. The simulations showed that the
delay could significantly increase at lower pH values (blue lines).
This trend, however, could not be observed in our experiments
(red symbols).

In order to understand the discrepancy between the experi-
ments and simulations, we performed extended simulations in
Supplementary Information S4.4. The phase plots revealed how
the concentration of the reactive layer (i.e., the concentration of
available amine groups on the surface) could influence the
dependencies of the system as a function of flow and pH.
Figure 3b highlights that the delay time is highly dependent on
the effective concentration of amine groups, and that the
single-layer devices do not show the same dependency.
Instead, we observed that t,,,, did not change significantly as a
function of pH.

We used layer-by-layer deposition® to develop a polyelec-
trolyte multilayer (PEM)-coated surface (Supplementary Infor-
mation, S5.3). The build-up of both single and multilayer
systems is based on a so-called charge inversion - the newly
adsorbed polyelectrolyte (PE) overcompensates the existing
layer's charge.”® The differences, however, between single- and
multi-layered devices reside in the interaction of PLL with glass
and PLL with an oppositely charged PE (for which we used
polystyrene sulfonate, PSS). As PSS is known to have a smaller
zeta potential (i.e., more negative charge)® compared to the
glass surface (i.e., SiO2), the adsorption of PLL onto PSS allows
for higher coverage than PLL on a charged glass surface,
thereby providing in a larger number of free lysine groups on
the surface. To our satisfaction, we observed that the t4,,, in a
PEM-coated device (with three layers), indeed, followed the
same trend as predicted in the model. Notably, the delay time
at pH8 became much slower, exceeding the time of our
experiments (Supplementary Information, Figure S10). Never-
theless, we observed a significant increase in the delay time
when we compared the responses across the examined pH
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Figure 3. Observed delay time. a) Time series of the input pH, and the output signal of uncoated (grey line), and PLL-coated devices (red line). Error margins
are based on a triplicate experiment. Unity-based normalization is applied to create an output with “0” and “1” representing the minimum and maximum
output value, respectively. Initial conditions: [/],=22.5 uM. The determination of the values for delay time depicted in the graph. b) Delay time as a function of
pH at k.=6.67 uLmin"". Data points show the experimentally determined time delay in a single- and three-layered devices (details are appended to
Supplementary Information $6.3-56.4), and blue lines show the simulated time delay at various surface concentrations. Error bars depict the standard

deviations of triplicate experiment.
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range in the three-layer devices with the single-layer ones
(Figure 3b).

Influence of poly-electrolyte multilayers on the relative rate
of activation

We validated the change of the total mass as a function of the
deposition of PEMs, using a technique called quartz crystal
microbalance (QCM). Figure 4a shows that the change in
resonance frequency (Af) increases linearly as a function of the
number of polyelectrolyte layers®*" (real-time data of QCM are
appended to Supplementary Information, Figure S7). We chose
polystyrene sulfonate, PSS, as it can be considered a ‘strong’
polyanion (pK,=2). That is, it ensures a permanent negative
charge in the pH range of our experiments (pH=3-10).2% We
observed a smaller Af value for the first layer (which represents
the interaction between SiO, and PLL) compared to the Af-
values of subsequent layers (which represent the interactions
between PSS and PLL). The Af value for the first layer can be
used to validate that the concentration of available amine
groups in a single-layer coating is in agreement with simu-
lations (Supplementary Information, S5.5). We note that Af
values for the subsequent layers in PEMs represent the
polyelectrolyte mass as well as the water molecules intercalated
between the layers,”” limiting the possibilities to quantify the
number of lysine residues per added layer. Overall, the linear
trend shows that the concentration of PLL on the surface can
be increased using PEM deposition. The effective concentration
of ‘free’ amine groups, however, may only be increased with
one additional layer of PLL (as these charges in subsequent
layers are shielded due to the ion-ion interactions with PSS).B"*

We compared the devices comprising PEM coatings (3, 5,
and 13 layers) with devices with and without a single-layer PLL
coating (Figure 4b). The experiment is similar to the previously
described procedure: An abrupt change in pH is introduced
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after 30 min, whereafter we determined the time it takes for the
output signal to change from 0 to 1 at pH 8. This change in pH
is then followed by the recharging of the surface, thus
recovering the acidic condition (pH3), and the cycle was
repeated 3-5 times (Supplementary Information, Figure S11).
Notably, the observed signals display a full recovery in the
sequence of cycles and indicate that possible binding of phenol
red to PLL on the surface is not significant. While the signals did
not establish an equilibrium, Figure 4b demonstrates that the
delay time did not change significantly for PEMs with more
than three layers. In accordance with the linear trend observed
in Figure 4a, a maximum PLL density on the surfaces is obtained
by one additional PLL layer (thus, PEM with three layers: PLL/
PSS/PLL). Importantly, Figure 4b shows that the rate of the
competing activation and the charging step in the PEM-coated
devices is significantly different compared to a single-layer
device.

Control over activation rates enables encoding of molecular
information processing

Since the competing activation step is slow, we examined
whether the time at which the system is maintained at the basic
pH, Atg, can be used for encoding information (Figure 5a). The
time at which the system is maintained at the acidic pH, At,,
can be used to reset the device. Depending on the choice of
the time intervals for the input pH (At, and Atg), one can
encode information such as the message ‘CRN@UT (our
research group at the University of Twente, Figure 5b). For this
demonstration we used a sequence with Atg=5, 20 min and
At,=10 min to produce an output pattern comprising multiple
local maxima. We then assigned the output as (1)a ‘dash’,
when 0.75 < local maxima < 1.0, or (2) a ‘dot’, when 0.25 < local
maxima < 0.5, to yield the corresponding Morse code for
‘CRN@UT'. The runtime of the experiment can be reduced or

o

8 |

6 ] T:ompetlng l(re-)charge
4 activation

pH

Control (layers)
0

1.0+

0.8

1
1| PEM(layers)
0.6 -

0.4

0.2

0.0 4

Output Signal (normalized)

T o T T T T T : T T T T T T

25 30 35 40 45 50 55 60 65
Time (min)

Figure 4. Polyelectrolyte multilayers expand the capacity of local activation. a) The method of developing a coating with alternating polyelectrolyte layers was
confirmed using quartz crystal microbalance (QCM) and the 5% overtone is displayed for change in the frequency, Af. Error bars depict the standard deviation
based on triplicate measurements with different sensors. The polycation (poly-L-lysine, PLL) and the polyanion (polystyrene sulfonate, PSS) are depicted here
as a single layer for simplicity. b) Experimental time series of the input pH, and the output signal of PEM-coated devices. Error margins depict the standard
deviation. Initial conditions: [/J,=22.5 uM, flow rate=6.67 pLmin". Devices with PEM coating were prepared using layer-by-layer deposition (see Methods).
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Figure 5. Molecular information processing with a competing activation
network. a) Schematic representation of the encoding strategy, wherein the
time-interval in the pH input (At, and Atg) is converted into a signal of
defined height. Asterisk depicts the conditions used for experiment in panel
(b). Demonstration of b) encoding and decoding a Morse code, and c) signal
transformation, by comparing the response i) under unperturbed conditions,
and under perturbed conditions wherein ii) At,=1 min, iii) At,=0.5 min.
Initial conditions for (b) and (c): [/l,=22.5 uM, flow rate =6.67 uLmin~".

the density of information can be increased when shorter time
intervals for the input pH (Atg).

Because the competing activation step is slow, it also
provides opportunities to introduce perturbations with At,,
allowing for more complex information processing strategies.
Figure 5c depicts three types of outputs wherein we varied the
At, (indicated with i-iii); i) In the absence of perturbations, we
observed the same shape with slow activation as observed
earlier in Figure 4b and Figure 5b. i) The introduction of a series
of perturbations of At,=1 min, essentially, created a complex-
valued input. The observation that the pulse signal is trans-
formed into a sinusoidal signal indicates that our device can
function as a digital-to-analog signal processor.* jji) Upon a
reduction of the perturbations to At,=0.5 min, we observed
that the overall shape of the unperturbed signal is conserved
but that local maxima were developed on it. This result
demonstrates that the output can be tuned based on the
relative timing of the input ‘spikes’, providing opportunities to
explore encoding and decoding schemes used in neuromorphic
computing.”>*¥ Hence, the reactive surfaces created by PEM-
coated microfluidic devices allow for information processing
using molecular interactions.
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surface permits us to work under flow so that the, earlier
placed, PLL can exert its function (for example, binding/
releasing protons) on the liquid-surface interface upon switch-
ing the solution. Challenges encountered in the experimental
realization of CRNs often relate to finding the balance between
the reaction rates of various feedback loops in the network. We
explored the potential of PLL as a surface-coupled moiety to
create competing activation processes around a very simple
acid-base equilibrium. Particularly, PLL enabled the introduction
of polyelectrolyte multilayers which could change the relative
rates of protonation and deprotonation significantly. We
demonstrated that the obtained output signals are not only
tunable and robust, but also applicable for information
processing purposes. The incorporation of other functional
groups in the reactive layer®*® could allow for the same buffer
effect as described in this work but build around the capacity to
resist changes in other chemical signals. This prospect, and the
possibility to fabricate devices with a greater control over the
surface-to-volume ratio,®**” could maximize the potential of
PLL-coated surfaces in the design of chemical feedback systems
to extend this approach to many other chemical reactions. We
envision that the application of reactive surfaces in microfluidic
devices as demonstrated here will enable the design of novel
CRNs with feedback loops capable of local regulations of
biochemical reactions.

Experimental Section

Chemicals

Chemicals were obtained commercially and were used without
purification. Standard solution of sodium hydroxide (NaOH, 0.1 M)
was purchased from Fluka and hydrochloric acid solution (HCI,
32%) was purchased from Merck. Poly-L-lysine hydrobromide (PLL,
15-30 kDa) and poly- L-lysine hydrobromide labelled with fluores-
cein-5-isothiocyanate (PLL-FITCy5 ,4, 15-30 kDa) were purchased
from Merck. Poly(sodium 4-styrenesufonate sodium salt, 1000 kDa)
(PSS) was purchased from Sigma Aldrich. Phenol Red was
purchased from Sigma Aldrich. VeroClear-RGD 810 polymer material
was purchased from Stratasys for 3D printing. SYLGARD™ 184 sili-
cone elastomer kit was purchased from Dow. Water is purified
using a Millipore Milli-Q lab water system. See Supplementary
Information S1 further information. This section includes details on
equipment, materials and software.

Fabrication of microfluidic channels

The upper layer of the microfluidic channels was fabricated using a
two-step process: The devices were designed in Solidworks® and
printed (Stratasys Objet Pro 30 3D-Printer) to yield a mal. A mixture
of curing agent with silicone elastomer base (1:10 m/m, degassed
in vacuo) was poured into the mal, and was allowed to polymerize
in an oven at 75°C for 30 minutes. PDMS was bonded with glass
slide after activation of the surfaces, for which A ZEPTO plasma

© 2023 The Authors. ChemSystemsChem published by Wiley-VCH GmbH
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oven from Diener Electronic was used. Details on the fabrication
process can be found in Supplementary Information, S2. Note: This
section includes validations that the devices (with internal volumes
ranging from 9-30 mL) can provide adequate mixing at flow rates
between at least 3-10 uLmin~". We chose to use a device with a
9 uL channel because this device provided the highest surface-to-
volume ratio among the available set.

Functionalization of channels with PLL and PEM

Microfluidic channels were fabricated using a two-step process
described above in fabrication section. An oxygen plasma treatment
was used to activate the surfaces of the microfluidic devices, after
which we rinsed the devices (10x its internal volume) with a
solution of PLL in water (0.5 gL™"). After equilibration (5-10min),
excess solution in the channels was thoroughly washed with water
(50x its internal volume). Further functionalization were performed
using layer-by-layer technique, for which we used CETONI Elements
software to automate the above mentioned procedure. PLL and
PSS solutions were prepared (0.5 gL' in water) and transferred into
glass syringes and mounted on low-pressure pumps. For details,
see Supplementary Information, S5.

Simulations

Simulations were performed using Matlab °. Trajectories depicted
in Figure 2 and Figure 3b are simulated using numerical integration.
In our model, the rates of concentration changes are based on the
consumption, the production, and the continuous in- and outflow
of the species in the network. The concentration of phenol red was
calculated using the standard Henderson-Hasselbalch equation (log
A“/HA=pH—pK,) between each time-interval of the numerical
integration. The model was further used to define the delay time as
the time required to recover 50% of the ‘initial system’ and to
examine the influence of pH and flow in the network. For further
details, see Supporting Information, S4.

QCM measurements

Quartz crystal microbalance (QCM) experiments were performed
using silicon dioxide (SiO,)-coated quartz sensors. The experiments
were performed using dissipation set-up at 22 °C. The sensors were
first treated with UV-ozone cleaner for 30 min, and subsequently
dipped in 2% sodium dodecyl sulphate solution for 45 minutes at
37°C, sonicated for 5 minutes. The sensors were rinsed excessively
with water, and dried with a gentle flow of nitrogen and treated
again with UV-ozone cleaner for 45 min. PLL and PSS solutions
were prepared (0.5 gL' in water). The deposition on the sensor
surface started with rinsing sensor surfaces with Milli-Q water, then
followed by consecutive cycles of PLL and PSS layers. The real-time
change in frequency and dissipation response between 3™ and 9"
harmonics were analyzed using Q-Sense. See Supplementary
Information Figure S7 for further information.

Flow experiments

Flow experiments were performed using a flow setup that consists
of low-pressure pumps connected to a microfluidic channel. HCl
(1 mM), NaOH (1 mM), and phenol red (0.45 mM) were prepared
and transferred into glass syringes and mounted on low-pressure
pumps. CETONI Elements software was used to program low-
pressure pumps in the flow experiments shown in Figure 3, 4, and
5 (see Supplementary Information S6 for further information on the
sequences used in each experiment). The same software was used
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to analyze the absorbance data (see Supplementary Information S3
for details of the experimental setup).

Supporting Information

Matlab scripts are provided as extended data in the online
supplementary materials. Additional references cited within the
Supporting Information ¥
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