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Abstract 
This work describes a compe�ng ac�va�on network, which is regulated by chemical feedback at the liquid-surface 
interface. Feedback loops dynamically tune the concentra�on of chemical components in living systems, thereby 
controlling regulatory processes in neural, gene�c, and metabolic networks. Advances in systems chemistry 
demonstrate that chemical feedback could be designed based on similar concepts of using ac�va�on and 
inhibi�on processes. Most efforts, however, are focused on temporal feedback whereas biological networks are 
maintained by the interplay between temporal and spa�al organiza�on. Here, we designed a feedback system 
which consists of a simple acid-base equilibrium that can be perturbed by two opposing ac�va�on processes. 
Crucially, one of the ac�va�on processes is immobilized (or localized) 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-sensi�ve indicator, phenol red, and showed that this capacity can be increased by employing 
polyelectrolyte mul�layers. Specifically, we found that the rate of local ac�va�on (i.e., the deprotona�on of the 
immobilized lysine residues) could be significantly increased to delay the otherwise fast equilibrium. This effect 
allowed for encoding read and write opera�ons, providing the poten�al to bestow CRNs with the capacity of 
molecular informa�on processing. 

 

Introduc�on 
Biology exploits spa�al organiza�on to control signal transduc�on in biochemical networks.1,2 Ongoing efforts in 
systems chemistry demonstrate that feedback loops—sets of chemical reac�ons that represent the smallest 
possible modules in such networks3—may be carefully designed to display behavior ubiquitous in living systems 
(e.g., bistability, oscilla�ons, and other modes of transient behavior).4 Many different schemes for interconnected 
feedback loops exist in theory,1 and tethering molecular reac�ons on a surface in par�cular could provide an 
atrac�ve strategy to create feedback loops capable of local regula�ons of (bio)chemical reac�ons.5,6 The prac�cal 
realiza�on, however, requires careful considera�ons in balancing the reac�on rates involved in the ac�va�on and 
inhibi�on processes.7  

The design of chemical reac�on networks (CRNs) is based on rela�vely simple network mo�fs,8 limited to few 
possibili�es to connect feedback loops.9 Methods that enable a delay �me in (o�en opposing) feedback loops and 
maintain out-of-equilibrium condi�ons are therefore essen�al in the de novo design.10 On the one hand, 
previously reported CRNs use synthe�c strategies to implement rate dependency (e.g., driven by enzyma�c11–13 
or acid-base reac�ons14–17) and concentra�on dependency (e.g., driven by aggrega�on,18,19 or phase 
separa�on20,21) to create sufficient balance in the delay �me. On the other hand, microfluidics22–24 is employed to 
maintain reac�ons in well-mixed open reactors—so-called con�nuous flow s�rred tank reactors (CFSTR)11,25. We 
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ques�on how we can leverage methods in the fabrica�on of microfluidic systems to balance feedback loops and 
incorporate the spa�al control thereof.  

Here, we designed a new method for controlling feedback loops. Fig. 1a depicts the network mo�f which consists 
of an equilibrium reac�on that can be perturbed by two opposing ac�va�on processes, one of which is 
immobilized on a surface. We used poly-L-lysine (PLL) to func�onalize the surface of microfluidic channels as it 
can bind strongly to glass and polydimethylsiloxane (PDMS),26 while providing free amine groups as the reac�ve 
layer (Fig. 1b). We first demonstrated that control over local ac�va�on allows for tuning the strength of the 
chemical feedback, and developed a mathema�cal model to support our findings. We then created polyelectrolyte 
mul�layers (PEMs) to change the capacity, and thereby the rate of the deprotona�on of the immobilized lysine 
residues. Finally, we demonstrate that the high control over the s�muli-response curves of PEM surfaces allows 
for encoding read and write opera�ons. 

 

Results and Discussion 
Competing activation as a result of a three-stage process. Our experimental setup consists of low-pressure pumps 
that con�nuously feed the PLL-coated channel with an acid, a base, and a pH indicator (phenol red, I) (Fig. 2a). 
We first developed a mathema�cal model (Supplementary Informa�on S4) to simulate how the compe��on 
between the bulk ac�va�on and the local ac�va�on could occur as part of a three-stage process (Fig. 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, I1, or deprotonated form I2) depends on 
the pH. In this stage, only phenol red in state I1 should be present in the channel; ii), a base (indicated as ‘-’) is 
used to change the pH which forces the transi�on from I1 into I2. The reac�ve layer, however, causes the opposite 
transi�on by either protona�ng phenol red or neutralizing the base locally; iii) the capacity of the reac�ve surface 
is effec�vely limited by the number of lysine residues available in the reac�ve layer and the system establishes a 
steady state concentra�on of I2, or more specifically, the ra�o [I2]/[I1].  

 

We then used fluorescein-labelled PLL (Mw=15-30kDa, and 0.03-0.1% fluorescein) to confirm that PLL is indeed 
immobilized on, and homogeneously distributed across the channel (Supplementary Informa�on, Fig. S6). We set 
the pumps to change the input pH in the channel in a sequence that alternates between pH 3 and 10, and 
determined the output of [I2]/[I1] using an absorbance detector connected to the ou�low of the channel. The 
output signal follows the patern of the input pH, and in accordance with the predic�ons from the model, the 
output signal is slightly delayed compared to the input pH. The observa�on that this readout remains consistent 
throughout mul�ple cycles demonstrates that our experimental pla�orm can establish a robust readout of the 
intended compe�ng ac�va�on network. To ensure that the coa�ng remained anchored on the surface, we also 
demonstrated that the fluorescence intensity in the channels is unchanged over the course of the experiment 
(Supplementary Informa�on, Fig. S6). 

Capacity of PLL-coated devices. Like a buffer, the PLL-coated channel has the capacity to resists changes in pH. We 
determined this capacity by comparing the apparent delay in the output signals of a PLL-coated and an uncoated 
device (Fig. 3a). An abrupt change in pH is introduced a�er 15 min, wherea�er we determined the �me it takes 
for the output signal to change from 0 to 1 (i.e., the normalized values for a low to a high [I2]/[I1]). This ‘delay 
�me’, 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, represents the �me required to recover 50% of the ini�al system with uncharged lysine residues in 
the channels (Supplementary Informa�on, S4.3). We measured this value in our experiments by subtrac�ng the 
delay �me of an uncoated device (𝑡𝑡0, wherein the delay of a signal arises from the �me required for transport 
from the device to detector) from the delay in the coated device (𝑡𝑡1): 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑡𝑡1 − 𝑡𝑡0. 
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For instance, the delay �me under the condi�ons depicted in Fig. 3a is 0.8 min. Supplementary Informa�on Fig. 
S9 shows that the 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 decreases as a func�on of flow, especially at higher flow rates (kf > 7.8 µL min-1). This 
observa�on suggests that there is a regime wherein the reac�ve layer can compete with the base but that beyond 
a specific flow rate, the role of the reac�ve layer diminishes. This behavior at pH 10 was also observed in our 
simula�ons. The simula�ons 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). Instead, we observed that 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
did not change significantly as a func�on of pH.  

In order to understand the discrepancy between the experiments and simula�ons, we performed extended 
simula�ons in Supplementary Informa�on S4.4. The phase plots revealed how the concentra�on of the reac�ve 
layer (i.e., the concentra�on of available amine groups on the surface) could influence the dependencies of the 
system as a func�on of flow and pH. Fig. 3b highlights that the delay �me is highly dependent on the effec�ve 
concentra�on of amine groups, and that the single-layer devices do not show the same dependency. We therefore 
used layer-by-layer deposi�on27 to develop a polyelectrolyte mul�layer (PEM)-coated surface (Supplementary 
Informa�on, S5.3). To our sa�sfac�on, we observed that the 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 in a PEM-coated device (with three layers), 
indeed, followed the same trend as predicted in the model. Notably, the delay �me at pH 8 became much slower, 
exceeding the �me of our experiments (Supplementary Informa�on, Fig. S10). Nevertheless, we observed a 
significant increase in the delay �me when we compared the responses across the examined pH range in the 
three-layer devices with the single-layer ones.  

Influence of poly-electrolyte multilayers on the relative rate of activation. We validated the change of the total 
mass as a func�on of the deposi�on of PEMs, using a technique called quartz crystal microbalance (QCM). Fig. 4a 
shows that the change in resonance frequency (∆f) increases linearly as a func�on of the number of 
polyelectrolyte layers28,29 (real-�me data of QCM are appended to Supplementary Informa�on, Fig. S7). We chose 
polystyrene sulfonate, PSS, as it can be considered a ‘strong’ polyanion (pKa= 2). That is, it ensures a permanent 
nega�ve charge in the pH range of our experiments (pH=3-10).30 We observed a smaller ∆f value for the first layer 
(which represents the interac�on between SiO2 and PLL) compared to the ∆f-values of subsequent layers (which 
represent the interac�ons between PSS and PLL). The ∆f value for the first layer can be used to validate that the 
concentra�on of available amine groups in a single-layer coa�ng is in agreement with simula�ons (Supplementary 
Informa�on, S5.5). We note that ∆f values for the subsequent layers in PEMs represent the polyelectrolyte mass 
as well as the water molecules intercalated between the layers,27 limi�ng the possibili�es to quan�fy the number 
of lysine residues per added layer. Overall, the linear trend shows that the concentra�on of PLL on the surface can 
be increased using PEM deposi�on. The effec�ve concentra�on of ‘free’ amine groups, however, may only be 
increased with one addi�onal layer of PLL (as these charges in subsequent layers are shielded due to the ion-ion 
interac�ons with PSS).29,31   

We compared the devices comprising PEM coa�ngs (3, 5, and 13 layers) with devices with and without a single-
layer PLL coa�ng (Fig. 4b). The experiment is similar to the previously described procedure: An abrupt change in 
pH is introduced a�er 30 min, wherea�er we determined the �me 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 
condi�on (pH 3), and the cycle was repeated 3-5 �mes (Supplementary Informa�on, S6). We found that the delay 
�me did not change significantly for PEMs with more than three layers. In accordance with the linear trend 
observed in Fig. 4a, a maximum PLL density on the surfaces is obtained by one addi�onal PLL layer (thus, PEM 
with three layers: PLL/PSS/PLL). Importantly, Fig. 4b shows that the rate of the compe�ng ac�va�on 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 compe�ng 
ac�va�on step is slow, we examined whether the �me at which the system is maintained at the basic pH, ∆tB, can 
be used for encoding informa�on (Fig. 5a). The �me at which the system is maintained at the acidic pH, ∆tA, can 
be used to reset the device. Depending on the choice of the �me intervals for the input pH (∆tA and ∆tB), one can 
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encode informa�on such as the message ‘CRN@UT’ (our research group at the University of Twente, Fig. 5b). For 
this demonstra�on we used a sequence with ∆tB=5, 20 min and ∆tA=10 min to produce an output patern 
comprising mul�ple 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 run�me 
of the experiment can be reduced or the density of informa�on can be increased when shorter �me intervals for 
the input pH (∆tB).  

Because the compe�ng ac�va�on step is slow, it also provides opportuni�es to introduce perturba�ons with ∆tA, 
allowing for more complex informa�on processing strategies. Fig. 5c depicts three types of outputs wherein we 
varied the ∆tA (indicated with i-iii); i) In the absence of perturba�ons, we observed the same shape with slow 
ac�va�on as observed earlier in Fig 4b and Fig 5b. ii) The introduc�on of a series of perturba�ons of ∆tA=1 min, 
essen�ally, created a complex-valued input. The observa�on that the pulse signal is transformed into a sinusoidal 
signal indicates that our device can func�on as a digital-to-analog signal processor.32 iii) Upon a reduc�on of the 
perturba�ons to ∆tA=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 rela�ve 
�ming of the input ‘spikes’, providing opportuni�es to explore encoding and decoding schemes used in 
neuromorphic compu�ng.33,34 Hence, the reac�ve surfaces created by PEM-coated microfluidic devices which 
allows for processing of informa�on, ranging from sta�c to dynamic decoding strategies. 

Conclusion 
This work showed that respec�ve rates in compe�ng ac�va�on processes can be tuned using the poly-L-lysine 
immobilized on the surface of a microfluidic channel. Challenges encountered in the experimental realiza�on of 
robust steady-state output in CRNs o�en relates to finding the balance between the reac�on rates of various 
feedback loops in the network. We explored the poten�al of using a surface-coupled reac�on to create compe�ng 
ac�va�on processes around a very simple acid-base equilibrium. We demonstrated that the obtained output 
signals are not only tunable and robust, but also applicable for informa�on processing purposes. The 
incorpora�on of other func�onal groups in the reac�ve layer,35,36 or the fabrica�on of devices with a greater 
control over the surface-to-volume ra�o,37,38 could maximize the poten�al of PLL-coated surfaces in the design of 
chemical feedback systems.to extend this approach to many other chemical reac�ons. We envision that the 
applica�on of reac�ve surfaces in microfluidic devices as demonstrated here will enable the design of novel CRNs 
with feedback loops capable of local regula�ons of biochemical reac�ons. 

 

Experimental Methods 
Chemicals. Chemicals were obtained commercially and were used without purifica�on. Standard solu�on of 
sodium hydroxide (NaOH, 0.1 M) was purchased from Fluka and hydrochloric acid solu�on (HCl, 32%) was 
purchased from Merck. Poly-L-lysine hydrobromide  (PLL, 15-30 kDa) and poly- L-lysine hydrobromide labelled with 
fluorescein-5-isothiocyanate (PLL-FITC0.3-1%, 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 prin�ng. SYLGARD™ 184 
silicone elastomer kit was purchased from Dow. Water is purified using a Millipore Milli-Q lab water system. See 
Supplementary Informa�on S1 further informa�on. This sec�on includes details on equipment, materials and 
so�ware.   

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 a�er 
ac�va�on of the surfaces, for which A ZEPTO plasma oven from Diener Electronic was used. Details on the 
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fabrica�on process can be found in Supplementary Informa�on, S2. Note: This sec�on includes valida�ons that 
the devices (with internal volumes ranging from 9-30 mL) can provide adequate mixing at flow rates between at 
least 3-10 µL min-1. We chose to use a device with a 9 µL channel because this device provided the highest surface-
to-volume ra�o 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 ac�vate the surfaces of the 
microfluidic devices, a�er which we rinsed the devices (10x its internal volume) with a solu�on of PLL in water 
(0.5 g L-1). A�er equilibra�on (5-10 min), excess solu�on in the channels was thoroughly washed with water (50x 
its internal volume). Further func�onaliza�on were performed using layer-by-layer technique, for which we used 
CETONI Elements so�ware to automate the above men�oned procedure. PLL and PSS solu�ons were prepared  
(0.5 g L-1 in water) and transferred into glass syringes and mounted on low-pressure pumps. For details, see 
Supplementary Informa�on, S5. 

Simulations. Simula�ons were performed using Matlab ®. Trajectories depicted in Fig. 2 and Fig. 3b are simulated 
using numerical integra�on. In our model, the rates of concentra�on changes are based on the consump�on, the 
produc�on, and the con�nuous in- and ou�low of the species in the network. The concentra�on of phenol red 
was calculated using the standard Henderson-Hasselbalch equa�on (log A-/HA=pH-pKa) between each �me-
interval of the numerical integra�on. The model was further used to define the delay �me as the �me required 
to recover 50% of the ‘ini�al system’ and to examine the influence of pH and flow in the network. For further 
details, see Suppor�ng Informa�on, S4. 

QCM measurements. Quartz crystal microbalance (QCM) experiments were performed using silicon dioxide (SiO2)-
coated quartz sensors. The experiments were performed using dissipa�on 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 solu�on 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 solu�ons were prepared 
(0.5 g L-1 in water). The deposi�on on the sensor surface started with rinsing sensor surfaces with Milli-Q water, 
then followed by consecu�ve cycles of PLL and PSS layers. The real-�me change in frequency and dissipa�on 
response between 3rd and 9th harmonics were analyzed using Q-Sense. See Supplementary Informa�on Fig. S7 for 
further informa�on. 

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 so�ware was used to 
program low-pressure pumps in the flow experiments shown in Fig. 3, 4, and 5 (see Supplementary Informa�on 
S6 for further informa�on on the sequences used in each experiment). The same so�ware was used to analyze 
the absorbance data (see Supplementary Informa�on S3 for details of the experimental setup). 
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Figures.  
 

 

Fig. 1. Compe�ng ac�va�on network. a) Network mo�f wherein two opposing ac�va�on processes center around 
an equilibrium reac�on. I1 and I2 indicate two possible states of an equilibrium reac�on. B indicates a species that 
can ac�vate I1, and A indicates a species immobilized on a surface that can ac�vate I2. b) Reac�ve surfaces are 
prepared by adhering poly-L-lysine in microfluidic channels, which surfaces are made from glass or PDMS (see 
Supplementary Informa�on S2).  
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Fig. 2. Experimental Setup. (a) Schema�c representa�on of the flow setup with the input pH controlled by syringes 
mounted on low-pressure pumps and the output signal detected in the ou�low (see details in Supplementary 
Informa�on Fig. S2). (b) Simulated �me series showing the three-stage process depicted as (i) charge, (ii) 
compe�ng ac�va�on, and (iii) equilibrate. The model consists of a set of five differen�al equa�ons (see details in 
Supplementary Informa�on S4). (c) Experimental �me series showing that the network can produce two different 
states of phenol red. The input pH (grey line) is maintained for 15 min at alterna�ng pH values, 3 and 10. The 
output signal (red line) is determined by integra�ng 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 in a pink color and hence the 
sharp increase to a high signal (i.e., a high [I2]/[I1] ra�o). Ini�al condi�ons for (b) and (c): [I]0 = 22.5 µM. flow rate 
= 3.33 µL min-1.  
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Fig. 3. Observed delay �me. 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 normaliza�on is applied 
to create an output with “0” and “1” represen�ng the minimum and maximum output value, respec�vely. Ini�al 
condi�ons: [I]0 = 22.5 µM. The determina�on of the values for delay �me depicted in the graph. b) Delay �me as 
a func�on of pH at kf = 6.67 µL min-1. Data points show the experimentally determined �me delay in a single- and 
three-layered devices (details are appended to Supplementary Informa�on S6.3-S6.4), and blue lines show the 
simulated �me delay at various surface concentra�ons. Error bars depict the standard devia�ons of triplicate 
experiments.
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Fig. 4. Polyelectrolyte mul�layers expand the capacity of local ac�va�on. a) The method of developing a coa�ng 
with alterna�ng polyelectrolyte layers was confirmed using quartz crystal microbalance (QCM) and the 5th 

overtone is displayed for change in the frequency, Δf. Error bars depict the standard devia�on based on triplicate 
measurements with different sensors. The polyca�on (poly-L-lysine, PLL) and the polyanion (polystyrene sulfonate, 
PSS) are depicted here as a single layer for simplicity. b) Experimental �me series of the input pH, and the output 
signal of PEM-coated devices. Error margins depict the standard devia�on. Ini�al condi�ons: [I]0 = 22.5 µM, flow 
rate= 6.67 µL min-1. Devices with PEM coa�ng were prepared using layer-by-layer deposi�on (see Methods).  
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Fig. 5. Molecular informa�on processing with a compe�ng ac�va�on network. a) Schema�c 
representa�on of the encoding strategy, wherein the �me-interval in the pH input (∆tA and ∆tB) is 
converted into a signal of defined height. Asterisk depicts the condi�ons used for experiment in panel 
(b). Demonstra�on of b) encoding and decoding a Morse code, and c) signal transforma�on, by 
comparing the response i) under unperturbed condi�ons, and under perturbed condi�ons wherein ii) 
∆tA=1 min, iii) ∆tA=0.5 min. Ini�al condi�ons for (b) and (c): [I]0 = 22.5 µM, flow rate = 6.67 µL min-1. 

 

https://doi.org/10.26434/chemrxiv-2023-pzqjr ORCID: https://orcid.org/0000-0001-6484-9087 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-pzqjr
https://orcid.org/0000-0001-6484-9087
https://creativecommons.org/licenses/by/4.0/

	Polylysine-coated surfaces drive competition in chemical reaction networks to enable molecular information processing
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental Methods
	Acknowledgements
	References
	Figures.


