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Abstract 

Organic electronic ion pumps (OEIPs) are a versatile tool for electrophoretic delivery of 

substances with high spatiotemporal resolution. To date, OEIPs and similar iontronic components 

have been fabricated using thin-film techniques, and often rely on laborious, multistep 

photolithographic processes. OEIPs have been demonstrated in a variety of in vitro and in vivo 

settings for controlling biological systems, but the thin-film form factor and limited repertoire of 

polyelectrolyte materials and device fabrication techniques unnecessarily constrain the 

possibilities for miniaturization and extremely localized substance delivery, e.g., the greater 
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range of pharmaceutical compounds, on the scale of a single cell. Here, we demonstrate an 

entirely new OEIP form factor based on capillary fibers that include hyperbranched polyglycerols 

(dPGs) as the selective electrophoretic membrane. The dPGs enable electrophoretic channels 

with high concentration of fixed charges, well-controlled cross-linking, and can be realized using 

a simple “one-pot” fluidic manufacturing protocol. Selective electrophoretic transport of cations 

and anions of various sizes is demonstrated, including “large” substances difficult to transport 

with other OEIP technologies. We present a method for tailoring and characterizing the 

electrophoretic channels’ fixed charge concentration in the operational state. Subsequently, we 

compare the experimental performance of these capillary-OEIPs to a computational model and 

are able to explain unexpected features in the ionic current for the transport and delivery of 

larger, lower mobility ionic compounds. From the model, we are able to elucidate several 

operational and design principles relevant for miniaturized electrophoretic drug delivery 

technologies in general. Overall, the compactness of the capillary-OEIP enables electrophoretic 

delivery devices with probe-like geometries, suitable for a variety of ionic compounds, paving the 

way for less-invasive implantation into biological systems and for healthcare applications. 

Introduction 

Organic bioelectronics1–3 is an emerging technology platform which incorporates the 

properties of biologically relevant organic materials with that of organic electronic devices to 

enable translation of signals across the biology-technology gap. Organic electronic materials can 

possess many of the archetypical bio-compatible, -mimetic, and -stable properties of polymer 

biomaterials in combination with biochemical-to-electronic (and converse) signal transduction 

properties, making them well-suited for a range of biological applications. Based on these 

favorable properties, various organic bioelectronic sensors4–6 and actuators7–10 have been 

developed and explored, both in vitro and in vivo, for various diagnostic, monitoring, and therapy 

applications. Another class of bioelectronic, electronic-to-biochemical translation device, is the 

so-called organic electronic ion pump11,12 (OEIP), an ionic delivery device based on 

electrophoretic transport through ionic charge selective membranes.  
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Over the last decade, OEIPs and other iontronic devices have typically been manufactured 

using photolithographic processes yielding miniaturized devices with micron-sized features12 on 

planar substrates or as stand-alone thin films13,14, to achieve highly local and fast15 delivery of 

small charged molecules, e.g. alkali ions and neurotransmitters. These electrophoretic devices 

have been used to modulate neuronal cell and tissue functions using flow-free delivery of small 

biological signaling compounds at high spatiotemporal resolution, in vitro11,12, in vivo13,14,16, and 

recently in plants17.  

Considering medical devices and technologies from the end-use perspective, capillaries, 

catheters, and fibers have proven to be versatile form factors in healthcare and medical research 

and are widely used in diagnostic, therapeutic, and surgical procedures. For guiding optical 

wavelengths, optical glass fibers have found their way into the areas of imaging, minimally 

invasive surgery, tissue ablation, biological sensing, and tissue diagnosis18. Catheters and 

capillaries are commonly utilized and explored to contain or guide liquids or to deliver dissolved 

materials or pressure changes to the hollow core outlet. Example applications include capillary 

electrophoresis19, balloon valvotomy20, and biocatalysis21. As such, here we fabricate and 

investigate devices combining the OEIP capabilities of selective electrophoretic substance 

delivery with the geometrical and usability advantages of glass capillary fibers, simultaneously 

serving as both encapsulation and substrate. By filling the hollow core (20 – 50 µm inner 

diameter), of the glass fibers with polyelectrolyte (PE), it is possible to readily create freestanding 

OEIP devices with probe-like geometries with an outlet on the scale of a single cell.  

OEIP devices have typically been fabricated from anionic or cationic PE membranes that 

enable selective transport of cations or anions, respectively22. Charge selectivity of a PE is 

accomplished when the fixed charge concentration within the PE is significantly higher than the 

surrounding electrolyte. Owing to the charge selective transport of ions through a PE, chemical 

gradients of ions at specific locations and at specific times can be directly controlled by 

application of an electric field across the OEIP channel23. Previous demonstrations of OEIP 

technology have typically been made utilizing cross-linked semirandom networks of linear PEs, 

such as poly(styrenesulfonate) or poly(vinylbenzylchloride)24. However, poly(styrenesulfonate) 
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or poly(vinylbenzylchloride) PEs have failed to demonstrate the capability to transport and 

deliver larger ions or rigid ions comprising cyclic or aromatic structures. 

As an alternative to linear PEs, here we utilize functionalized dendritic, hyperbranched 

polyglycerols (dPGs) to fabricate electrophoretic channels we refer to as “dendrolytes” (DLs). We 

utilize the previously reported cation functionalized dPGs (CdPG) for the transport of anions17, 

and additionally, we newly introduce an anion functionalized dPG analog (AdPG) for the transport 

of cations. The DLs enable the transport and delivery of relatively larger and more rigid ionic 

compounds, as compared to the cross-linked PEs in previously reported OEIPs. Indeed, delivery 

of aromatic compounds through CdPG-based OEIPs was recently demonstrated17. However, in 

those experiments, the observed ionic delivery was significantly lower than the applied electric 

charge. This large discrepancy between applied electronic and observed ionic currents led us to 

further investigate the transport phenomena of low-mobility ions in these DL-based capillary-

OEIP devices.  

Further, using the capillary-OEIP as a model device, we present techniques to characterize 

the key iontronic material parameters of OEIP devices, namely, the fixed charge concentration 

and ionic conductivity of PEs in the operational state. Additionally, by comparing experimental 

measurements of capillary-OEIPs with a computational physical model, we establish important 

general operational and design principles for OEIP devices. Specifically, through analysis of the 

results from our computational model we are able to elucidate critical relationships between the 

transported molecular species and the operating properties of the OEIP, i.e., the electrophoretic 

channel geometry, conductivity, and transport efficiency for a specific ion. 
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Figure 1. Capillary fiber based organic electronic ion pump. a) Schematic of OEIPs 

fabricated with the capillary fiber form factor. b) Images of fully fabricated capillary-OEIP, 

comparison of 60 µm diameter capillary fiber to human hair, and cross sections of 60 µm 

diameter capillary fiber and human hair (scale bar 20 µm). c) Conceptual diagram of dendrolyte 

based cation PE cross-linked networks at different weight percentage (50 and 67 wt%). 

Crosslinking of DL at lower wt% results in lower fixed charge concentration but higher 

nanoporosity. d) Chemical structures of dendrolyte constituent components: hyperbranched 

polyglycerol (green), allyl crosslinking group and thiol-based cross-linker (grey), anionic 

sulfonate functionalization (blue), and cationic trimethylphosphonium functionalization (red). 

Capillary-OEIP Fabrication 

A conceptual drawing of the DL material system along with the chemical structures for each of 

the DL’s constituent components are illustrated in Figure 1c,d. The starting material in the 

synthesis of the DL based PE membranes was hyperbranched dendritic polyglycerol (dPG) with 

an average Mw of 10 kDa (degree of branching ~53.6 % and a mean number of 135 hydroxyl end 

groups) (Supporting information, Fig. S1). For newly synthesized AdPG, the hydroxyl end groups 
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of the dPG were functionalized with approximately 20 % allyl groups,  whose functional purpose 

was later utilized in thiol-ene crosslinking (Fig. 1d, grey). AdPG was obtained by deprotonation of 

the remaining hydroxyl groups (~80 %), followed by nucleophilic substitution (in a ring opening 

mechanism of 1,4-butane sultone) to yield negatively charged sulfonate groups (Fig. 1d, blue). . 

Further details can be found in Supporting Information: Materials Synthesis and Characterization 

and Fig. S2. In the case of CdPG, previously synthesized cation functionalized dPG was used17. 

Glass capillary fibers (fused silica) with a variety of dimensions, inner diameters (I.D.) of 20, 25, 

and 50 µm, and outer diameters (O.D.), of 60, 125, and 230 µm (protective polyimide coatings 

removed) were successfully utilized. In the experiments described here, unless otherwise noted, 

all data was taken with fibers I.D. 25 µm, and O.D. 230 µm (Fig. 1a), owing to their good 

mechanical robustness.  

To begin, the capillary fiber was cut to a length of 30 cm and the protective polyimide 

coating was removed thermally (550 °C for 1 hour) to facilitate UV cross-linking. To create an 

inner surface of the capillary fiber favorable for anchorage of the DL’s, a combination of surface 

activation and adhesion promoter was used. The inner glass surface was first activated with 

hydroxyl groups by flushing the capillary fiber with 2 M solution of KOH for 1 hour. Subsequently, 

epoxy groups were formed on the inner surface by flushing the capillary fiber with a 10 % solution 

of the adhesion promoter 3-glycidoxypropyl trimethoxysilane (GOPS) in anhydrous toluene.  

Immediately prior to fabrication of capillary-OEIPs, the stock DL (CdPG or AdPG) was dissolved in 

a solution of methanol, deionized water, and mixed with a thiol-based cross-linker (Thiocure 

ETTMP 1300) and a UV photo-initiator (Irgacure 2959) dissolved in methanol for a final weight 



 7 

percentage of DL at 50 or 67 wt%. The capillary fiber was then filled with the DL solution until the 

solution could be seen emerging from the capillary outlet (after approximately 10 min), and then 

placed under a UV lamp (254 nm, 2 hours) for cross-linking. Finally, the capillary fiber was cleaved 

into individual sections, 7 – 15 mm in length, and immediately packaged with heat shrink tubing 

(serving as electrolyte reservoir), and stored in 10 mM solution of KCL. Further details for DL 

synthesis and capillary-OEIP fabrication are provided in Supporting Information: Capillary-

OEIP fabrication. It is noted that the bare glass fibers used (particularly O.D.’s of 125 and 60 µm), 

in the millimeter lengths used, were relatively fragile to lateral strain and susceptible to breakage. 

Additionally, 125 and 60 µm fibers were found to be suitable to readily pierce plant tissue (Fig. 

S6). Overall suitability for insertion or implantability of capillary-OEIPs is dictated by the 

application, but improvements to robustness of capillary-OEIPs could be made by preserving the 

protective polymer coating, or by using polymer based capillary fibers. 

 

Characterization 

The conductivity of an ion transported through the electrophoretic channel of the OEIP 

depends on the fundamental materials properties of the PE and its hydration state. Here, we 

compare the conductivity values of various anions and cations transported through capillary-

OEIPs filled with CdPG and AdPG, respectively, made from solutions of different DL polymer 

concentrations (50 and 67 wt%). In previous demonstrations of OEIP technology, the deposition 

of the monomers or polymers is made at lower concentrations, and the following polymerization 

or cross-linking of the PE occurs primarily in a mostly dry state, after which the PE is then 
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rehydrated and allowed to swell within a semi-rigid encapsulation. By containing the PE inside 

capillaries or networks of capillaries25–28, owing to the low permeability to gases and liquids 

through the walls of the capillary, the concentration of solvent and solid DL content remains 

constant during the UV polymerization step (no undesired drying), and subsequently during 

exposure to electrolyte media (no reswelling). A significant source of error for estimating the 

hydrated PE volume is thus eliminated, enabling a reliable methodology to readily investigate PE 

iontronic parameters. Further, compared to previously published OEIPs, this capillary fabrication 

protocol enables a straightforward technique, starting from the constituent materials, to 

generate tailored OEIPs with homogenous channels with control over material characteristics of 

a PE membrane’s nano-porosity, fixed charge concentration, and level of hydration.  

Anions and cations were electrophoretically transported through CdPG and AdPG 

capillary-OEIPs from various 10 mM aqueous source electrolytes to target solutions of 10 mM KCl 

(aq) until a steady-state electrical resistance was achieved. Anion/cation conductivities were then 

calculated for the capillary-OEIP channel of the specific OEIP geometry utilized (Table 1 and Table 

2). The tabulated data indicates that ion conductivity and diffusivity values in the DLs compare 

well with other PE material systems29. 

Table 1. Mean anion conductivities, k, with standard deviation (n = 8), and diffusion 

coefficients, Di, in CdPG DL, with K+ as co-ion. 

 CdPG 50 wt% (0.76M) CdPG 67 wt% (1.07M) 

 k (S/m) Di (m2 s-1) k (S/m) Di (m2 s-1) 

Cl- 1.42 ± 0.04 5.01 x 10-10 0.98 ± 0.04 2.45 x 10-10 

I- 0.86 ± 0.03 3.03 x 10-10 0.53 ± 0.03 1.33 x 10-10 
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ClO4- 0.48 ± 0.01 1.69 x 10-10 0.32 ± 0.01 8.01 x 10-11 

Table 2. Mean cation conductivities, k, with standard deviation (n = 8), and diffusion 

coefficients, Di, in AdPG DL, with Cl- as co-ion. 

 AdPG 50 wt% (1.21M) AdPG 67 wt% (1.61M) 

 k (S/m) Di (m2 s-1) k (S/m) Di (m2 s-1) 

K+ 3.12 ± 0.10 6.91 x 10-10 2.79 ± 0.13 4.64 x 10-10 

Na+ 2.03 ± 0.10 4.50 x 10-10 1.79 ± 0.07 2.98 x 10-10 

Li+ 1.38 ± 0.11 3.06 x 10-10 1.23 ± 0.06 2.05 x 10-10 

Acetylcholine+ 0.91 ± 0.05 2.01 x 10-10 - - 
 

Estimating the concentration of fixed charges in a PE 

For a membrane with a specific nano-scale structure and level of hydration, the 

concentration of fixed charges is a key physical parameter dictating ion transport characteristics. 

Other factors aside, the ionic conductivity of the PE channel typically increases with the fixed 

charge concentration. Further, the degree of selectivity towards transport of either cations or 

anions (permselectivity) is dependent on the PE’s fixed charge concentration. To achieve 

permselectivity, the fixed charge concentration of the PE should be significantly higher than that 

of the surrounding electrolyte concentration23. Importantly, the permselectivity of a PE results in 

preferential unidirectional transport of desired ionic species and minimal transport of (oppositely 

charged) co-ions, thus enabling a strong correspondence between the applied electric current 

and the rate of delivery for the ion of interest. Therefore, it is important to determine the fixed 

charge concentration of a PE in its operational state. To this end, we present here a practical 

measurement method to estimate the fixed charge concentration of a PE using an ion exchange 

process in the electrophoretic transport channel of a capillary-OEIP device (Fig. 2).  
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Figure 2. Ion exchange experiment to determine an OEIP PE’s fixed charge 

concentration, each ion exchange step is numbered. a) The electrical resistance across a PE 

channel is proportional to the total ionic resistance of each ionic species contributing to 

electrophoresis (weighted according to number percentage in the PE channel). b) CdPG based 

capillary-OEIPs were operated at constant voltage while sequentially switching the source 

electrolyte from Cl- to I- to ClO4-. By integrating the electronic current during ion exchange, a 

direct estimation of an OEIP PE’s fixed charge concentration is made. c) Total resistance across 

capillary-OEIP plotted vs. total charge transported. Total resistance is the series resistance 

contribution of each ionic species.  

Ion exchange experiments were performed on capillary-OEIPs filled with CdPG or AdPG 

DLs. The devices were operated at constant voltage while sequentially switching the source 

electrolyte from high-mobility ions to low-mobility ions (Fig. 2a). By integrating the resulting 

electronic current over the time interval the mobile ions inside the DL are exchanged through 

electrophoresis, a direct estimation of the fixed charge concentration of the DLs is made.  
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The ion exchange measurement makes four assumptions: (i) local electroneutrality, the densities 

of the PEs’ fixed charges and of the mobile transported ionic specie are equal inside the OEIP 

channel; (ii) through Donnan exclusion, co-ions are completely excluded from the channel, and 

thus do not contribute to the total ionic current; (iii) there are no other sources of current, such 

as chemical reactions in the electrolyte, PE, or at their boundary (e.g. water splitting); (iv) there 

is no unintended transport of lower mobility ions before higher mobility ions (all higher mobility 

ions leave the channel first). To test the validity of assumption (ii), the charge selectivity of AdPG 

and CdPG capillary-OEIPs was demonstrated by varying the target electrolyte (KCl) concentration 

from 1 mM to 1 M during operation. It was found that selectivity of both AdPG and CdPG PEs is 

maintained at, or below, target electrolyte concentrations of 100 mM. Details of these 

experiments are provided in Supporting Information: dPG selectivity measurement, and Fig. S5. 

Further, to increase the accuracy of the ion exchange measurement, the ion exchange 

experiments were performed using electrolyte concentration of 10 mM in order to be well below 

the selectivity limit for these PEs.  

The electrophoresis driving ion exchange can be divided into three steps (Fig. 2). During 

step 1, the OEIP is operated with ionic species A (Cl-), each fixed charge group within the DL is 

compensated for with an ion of species A (Cl-), and OEIP channel resistance maintains a constant 

value. In step 2, source electrolyte A is switched for a lower mobility ionic species B (I-). During 

step 2, as ions of species A leave the PE channel, the fixed charge sites of the PE are exchanged 

with ions of species B in a one-to-one fashion. The exchange of higher mobility species A with 

lower mobility species B results in an increase in electrical resistance across the OEIP, and the 

total resistance is the linear combination of the relative percentage contribution of both species. 

As can be seen in Fig. 2, when all of the fixed charge sites in the channel are exchanged from A 

to B, the resistance of the channel comes to a new steady-state value (step 3).  

Given the assumptions listed above, the total charge and corresponding number of ions 

exchanged in the PE in order to replace ion A with ion B, can be estimated by integrating the 

electronic current, I(t), between the two steady-state conditions of step 1 and 3: 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚 𝑚𝑚𝑒𝑒𝑒𝑒ℎ𝑇𝑇𝑎𝑎𝑎𝑎𝑚𝑚𝑎𝑎 = 1
𝑧𝑧𝑧𝑧 ∫ 𝐼𝐼(𝑇𝑇) 𝑎𝑎𝑇𝑇𝑡𝑡𝑓𝑓

𝑡𝑡𝑖𝑖
 (Eq. 1) 
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where z is the charge number of the transported ion,  F (96485 C mol-1) is Faraday’s constant, and 

ti and tf are the beginning and end times of the ionic exchange process, respectively. The molarity 

of the PE in the channel can then be estimated by dividing the number of ions exchanged 

calculated from Eq. 1 by the volume of the capillary-OEIP channel. 

Using this method, CdPG DL channels prepared at 50 and 67 wt% in capillary-OEIPs were 

found to have fixed charge concentrations of 0.76 ± 0.05 M, and 1.07 ± 0.04 M, respectively, and 

AdPG filled DL channels prepared at 50 and 67 wt% in capillary-OEIPs were found to have fixed 

charge concentrations of 1.21 ± 0.04 M, and 1.62 ± 0.03 M, respectively. From the estimated 

fixed charge concentration values, and using the Nernst-Einstein equation, the diffusion 

coefficients are calculated from the measured ionic conductivity values of the DLs reported above 

(Tables 1 & 2). Thus, as expected, we find that the concentration of fixed charges increases with 

the concentration of DL in the channel. However, as evident from Tables 1 and 2, there is an 

apparent tradeoff between achieving a high ionic mobility and simultaneously a high fixed charge 

concentration. For both AdPG and CdPG, and for the ions studied, an increase of the fixed charge 

concentration actually results in lower ionic mobility. Apparently, increasing the density of the 

PE channel, and it’s associated porous-structures, has a stronger impact on the ion conductivity 

than increasing the fixed charge concentration of the DL from 50 to 67 wt%. 

Transport behavior of low mobility ions 

The transport of low diffusivity (Di ≲ 10-10 m2 s-1) charged molecules has proven difficult 

in OEIPs based on linear PEs, leading to low or negligible delivery for such substances17. This 

limitation encouraged us to investigate the DLs capability to transport larger and more rigid 

charged compounds utilizing the transparent and geometrically well constrained glass capillary 

form factor. To this end, we performed ion exchange experiments from Cl- to the anionic dye 

molecule indigo carmine2- (inset Fig. 3a) in the CdPG based capillary-OEIPs under constant applied 

current of 25 nA. We observed the ion migration characteristics using optical microscopy while 

recording the voltage. As described above, as Cl- was exchanged to indigo carmine2- in the DL 

channel, there was a corresponding measured linear increase in channel resistance (Fig 3a). 

Additionally, we were able to optically follow the progressive replacement of Cl- counterions with 
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indigo carmine2- in the DL (Supporting Information, Fig. S7.). During the ion exchange process, 

indigo carmine2- filled the volume of DL in the capillary-OEIP in direct correspondence to the 

electronic driving current, time elapsed, and the previously estimated molarity of the CdPG DL 

from above. As the indigo carmine2- reached the outlet of the capillary-OEIP, indicating the 

completion of the ion exchange process, the recorded voltage across the capillary-OEIP 

decreased rapidly (Fig. 3a). Further, regardless of the applied current levels to the capillary-OEIP, 

no visual evidence of indigo carmine2- escaping out from the delivery tip could be made. 

Verification of large ion transport was made using UV absorption spectroscopy of the dye 

molecules indigo carmine and methylene blue, for electrolyte samples taken for extended 

duration experiments (hours). CdPG based devices  were measured to have a 26% efficiency at 

25 nA, and a 7% efficiency at 5 nA. AdPG based devices were found to have a 6% efficiency at 

both 10 and 50 nA. Details for these experiments are provided in Supporting Information: 

Measurement of Large Ion Delivery.  
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Figure 3. a) Measured and calculated voltage for a capillary-OEIP operated at 25 nA 

during an ion exchange from Cl- to indigo carmine2-. The computational model incorporates the 

presence of a void in the PE, of length ∆x, (1, 100, 200, and 300 µm) at the outlet of the capillary-

OEIP (see inset), the anionic dye molecule indigo carmine2- is shown in the inset. b) The 

calculated co-ion K+ concentration across the capillary-OEIP for PE voids of length ∆x (1, 100, 

200, and 300 µm), before (blue) and after (red) ion exchange from Cl- to indigo carmine2-, with 

an operating current of 25 nA. c) The normalized charge flux contribution of Cl-, indigo carmine2-

, and K+ is calculated 100 µm from the end of the PE (see inset) for voids of length ∆x (1, 100, 

200, and 300 µm), during an ion exchange of Cl- to indigo carmine2-. d) The calculated voltage 

for operation at constant currents of 5, 15, 45 and 135 nA in a capillary-OEIP with a void length 

∆x of 1 µm.  
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To investigate this unexpected low efficiency, and apparent operational voltage/current 

behavior, a computational model of the capillary-OEIP was developed using a finite element 

Nernst-Planck-Poisson model (see Supporting Information: Numerical Simulation for model 

details).30,31 The model implements the capillary-OEIP geometry and uses the experimentally 

determined values for the density of fixed charges of 50 wt% CdPG (0.76 M). To fit the current 

levels recorded in the device, the K+ and Cl- mobilities within the channel were reduced by a 

factor of 0.15, which is in line with previous reports32,33, while the mobility of indigo carmine2- 

was reduced by a factor of 0.96.34 Importantly, two additional assumptions were made based on 

experimental observations. i) In the case that the DL channel does not extend all the way to the 

end of capillary-OEIP outlet (inset Fig. 3a), the remaining “void” at the end of the channel is 

assumed to be filled with the target electrolyte solution. ii), As indigo carmine has a limited 

solubility of 20 mM in water, and because the channel comprises 50 wt% water, the solubility 

within the DL channel was assumed to be 10 mM, with the indigo carmine above 10 mM 

precipitating from solution. Computational modeling was then performed for capillary-OEIPs 

with channel voids of various lengths (∆x = 1, 100, 200, and 300 µm; Fig. 3a). With a channel void 

of 200 µm, the model shows good agreement between the experimental voltage measurements 

of a capillary-OEIP operated at 25 nA while exchanging Cl- to indigo carmine2- in the DL channel 

(Fig. 3a).  

The current and voltage characteristics of the capillary-OEIP can be understood by 

analyzing the changes in local ion concentrations at the channel outlet. Figure 3b displays the 

values of the calculated K+ co-ion concentration, across the capillary-OEIP outlet, for channel 

voids of various lengths (∆x = 1, 100, 200, and 300 µm) during delivery of Cl- anions (blue, t = 0) 

as compared to delivery of indigo carmine2- anions (red, t = 250 min). Because the transport of 

ions in an electrolyte next to a selective membrane is mainly diffusive in nature, the presence of 

ionic currents is strongly associated with local ion concentration gradients. The steepness of 

these ion concentration gradient depends on the mobility of the ionic species, and the total ionic 

current across the device. Thus, the concentration gradient of a highly mobile ion such as Cl- is 

less steep than the much lower mobility ion indigo carmine2- for the same current (Fig. 3b). 

Therefore, the local increase in ion concentration at the PE/electrolyte interface is caused by the 
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steepness of the ion concentration gradient, multiplied by its spatial extent. The increase in 

concentration gradient is more pronounced in a 1D diffusion geometry (void in the PE of a 

capillary-OEIP) compared to a 3D diffusion geometry (PE that terminates at the end of the 

capillary fiber). 

Taken together, the local ion concentration at the PE/electrolyte interface increases as 

indigo carmine2- reaches the outlet, which in turn causes the permselectivity of the membrane 

to decrease. This breakdown in permselectivity leads to a backflow of highly mobile K+ ions. From 

the calculations, despite having a low relative concentration within the PE channel, K+ backflow 

accounts for a significant portion of the overall current. This backflow of K+ ions effectively 

increases the conductivity of the channel, which is seen as a drop in the operational voltage of 

the device, Fig. 3a.  

The length of the void in the PE channel determines the spatial extent of the 

concentration gradient. Thus, a longer void will generate a higher local concentration of ions at 

the PE/electrolyte interface, and will result in greater backflow (Fig. 3a,b). The influence of void 

length on the permselectivity of the PE channel can be seen in Figure 3c, where the relative ionic 

fluxes in the capillary-OEIP channel are plotted for Cl-, indigo carmine2-, and K+ during the Cl--to-

indigo carmine2- ion exchange process for channel voids of various lengths (∆x = 1, 100, 200, and 

300 µm). Initially, only Cl- is transported through the PE channel, but once the indigo carmine 

reaches the PE outlet,  the backflow of K+ increases significantly. From these calculation, it can 

be seen that even at the relatively low operational current level of 25 nA, for a sufficiently large 

void length (200 µm), the majority of the overall current will comprise backflow of K+ co-ions. 

Another factor which potentially affects the permselectivity of the channel is the limited 

solubility of indigo carmine within the PE. To test the influence of the ion solubility within the PE 

on the model’s results, two calculations were performed to fit the experimental data, one which 

took into account the limited solubility and one which neglects solubility limitations of indigo 

carmine. Interestingly, the two models show very similar characteristics (Fig. S8), suggesting that 

the void length in combination with ionic mobilities are the most important parameters of the 

system. Although it is unlikely that 380 mM of indigo carmine would be soluble within the 
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channel, the model does not distinguish between low solubility and low diffusion coefficient, as 

adjustments to either parameter result in similar calculated behavior. Additional studies are 

necessary to further elucidate the role that ion solubility within the PE plays on the operation of 

OEIP devices. 

From the results of the model, the breakdown in selectivity arises due to the high ionic 

concentrations resulting from a concentration polarization in the channel void. Thus, the 

question arises if the concentration polarization effect can be avoided using lower device 

currents and a favorable channel void geometry. To investigate this possibility, we calculated the 

voltage across the capillary-OEIP channel with a fixed 1 µm long channel void at various 

operational current levels (5, 15, 45, and 135 nA) during the ion exchange process, i.e. as Cl- is 

gradually replaced by indigo carmine2-. From Figure 3d, and comparing relative ionic flux 

contributions for indigo carmine2- and K+, we conclude that the breakdown in selectivity scales 

with the applied current. By using lower delivery current, the amount of K+ backflow can thus be 

reduced, resulting in improved pumping efficiency. 

Conclusion and Discussion 

We have demonstrated a fabrication methodology to produce miniaturized OEIP devices 

within a capillary fiber form factor. The capillary simplifies and reduces the overall size of the 

device structure by combining substrate and encapsulation layers, enabling OEIP devices with a 

probe-like geometry on the scale of human hair and with a delivery outlet on the scale of a single 

cell. Preliminary experiments suggest the suitability of these capillary-OEIPs to be useful for a 

variety of studies involving insertion into biological tissue. 

These capillary-OEIP devices are based on a new class of PE: hyperbranched polyglycerols 

(dPGs) forming so-called dendrolytes (DLs), that enable the selective transport of cations and 

anions of various sizes, including larger and more rigid compounds. Additionally, thanks to the 

favorable solubility properties of the DLs, it is possible to apply solutions even up to 67 wt% of 

DL in a “one-pot” three-component miscible mixture along with a cross-linker and UV photo-

initiator to the capillary inlet before curing. This one-pot method provides a means for achieving 

membranes (loaded capillaries) with high solid content over extended lengths, even beyond 
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centimeters. By varying DL concentration, an easy design parameter is at hand that dictates the 

balance between pore size and concentration of fixed charges within the membrane. 

Using these capillary-OEIP devices, we have also detailed a straightforward method to 

characterize the PE’s fixed charge concentration via an ion exchange process. Because the fixed 

charge concentration of a PE in its operational state directly relates to its ionic conductivity, as 

well as its charge selectivity, reliable methods to determine its value are important for 

characterizing and comparing device performance between various PEs, OEIPs, and related 

technologies.  

Additionally, a computational physics model was employed to investigate unexpected 

delivery dynamics and low transport efficiency of the capillary-OEIP devices during transport and 

delivery of the dye molecule indigo carmine, leading to several generalizable insights into the 

operational characteristics of OEIP technology. These insights are particularly relevant for the 

transport and delivery of lower mobility ions. Importantly, our results show that the specific 

geometry of the PE/electrolyte interface at the OEIP outlet together with the mobility/solubility 

of the transported ions are of critical importance to the device’s performance.  

In particular, it was shown that the combination of low ionic mobility, a void in the PE 

close to the OEIP channel outlet, and/or high operational current can lead to an increase in ionic 

concentration at the PE outlet. This increased ionic concentration can cause a breakdown in the 

membrane’s charge selectivity and results in a significant backflow of co-ions from target 

electrolyte toward source electrolyte. The resulting backflow of co-ions can greatly reduce the 

OEIP’s efficiency in delivering a specific ionic species and could result in undesirable chemical 

interactions. For example, in the case of permselectivity failure in an acidic target medium, the 

negative charge of transported anions in the PE could be neutralized by a strong backflow of 

protons, potentially resulting in further reduced ion delivery efficiencies or blockage of the ion 

channel all together. Importantly, the presence of a void in a PE channel is not restricted to 

capillary-OEIPs and could be found in other OEIP device geometries. For example, “voids” of 

similar dimensions can be found in vertical OEIP structures15,31, where ion delivery occurs through 

patterned holes in the encapsulation layers that are typically 2 – 50 µm thick.  
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Taken together, these results lead us to several conclusions regarding the design and 

operation of OEIP devices, particularly for ions with low diffusion coefficients (Di < 10-10 m2 s-1). 

Namely, there are geometrical and ion solubility adjustments that can be made to diminish the 

Donnan exclusion failure at the outlet. Specifically, reducing or eliminating the void region, or 

even extending the PE into the target electrolyte, would likely help. Alternatively, using 

compounds that are more soluble, or operating OEIPs with a source solvent that increases the 

solubility of the transported ions within the channel could potentially help reduce the degree of 

Donnan exclusion failure by maintaining a higher effective fixed charge concentration of the PE. 

It is clear from our work here that further studies, with a greater variety of ions and under a 

variety of experimental conditions are still needed to tease out the details of OEIP mediated 

delivery of “large” ions. 

Overall, these considerations point to the fact that for a given device geometry and set of 

ions, there will be an optimum current range for achieving the best delivery efficiency. As shown 

above, for low mobility ions, this optimum current may be in the range of nanoamps for micron 

sized OEIP outlets. However, this is not likely to pose a significant hurdle in implementing 

capillary-OEIPs in vivo and in the clinic as even at “low” currents, these small amounts of highly 

concentrated bioactive compounds could significantly affect cells directly at the OEIP outlet. 

Furthermore, the capillary-OEIP geometry, coupled with the results and design principles 

outlined above provide a path forward for even further miniaturization by indicating delivery that 

is even more local and specific.  

SUPPORTING INFORMATION 

Additional details are provided for: Material Synthesis and Characterization, Capillary-

OEIP Fabrication, Characterization of Capillary-OEIPs, dPG Selectivity, Zn2+ Delivery to a Plant 

Root, Large Ion Transport in dPGs, Measurement of Large Ion Delivery, Numerical Simulations. 
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