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ΠΕΡΙΛΗΨΗ 

 

Η ανάπτυξη βιοσυμβατών διεπιφανειών σε ηλεκτρονικά 
συστήματα τα οποία μπορούν να ελέγξουν την αποδέσμευση φαρμάκων 
αποτελεί μια ταχέως αναπτυσσόμενη διεπιστημονική έρευνα. Διάφορα 
υλικά χρησιμοποιούνται στα βιοηλεκτρονικές εφαρμογές, μεταξύ των 
οποίων ανόργανα ηλεκτρονικά υλικά (όπως μέταλλα και κράματα) και 
οργανικά ηλεκτρονικά υλικά (όπως γραφένιο, νανοσωλήνες άνθρακα και 
αγώγιμα πολυμερή). Η παρούσα εργασία εστίασε σε αγώγιμα πολυμερή 
για βιο-ιατρικές εφαρμογές στην θεραπευτική. Παρασκευάσθησαν με 
τρισδιάσταση εκτύπωση υλικά αγώγιμων πολυμερών σε διάφορες 
διαστάσεις και κλίμακες (μεσο-, μικρο- και νανο-κλίμακα) τα οποία στη 
συνέχεια μελετήθηκαν ως οργανικές βιοηλεκτρονικές ουδέτερες 
διεπιφάνειες για ανταποκρινόμενα σε ερεθίσματα συστήματα 
μεταφοράς φαρμάκων. Αγώγιμα πολυμερή εκτυπώθηκαν σε 
τρισδιάστατα υλικά (polydimethylsiloxane PDMS που ενεργεί ως μαλακή 
συμβατική διασύνδεση) χρησιμοποιώντας πολυμερισμό δύο-φωτονίων 
(TPP) μέσω συσκευής άμεσης εγγραφής με δέσμη laser (Nanoscrobe),  
ανοίγοντας τον δρόμο για την χορήγηση φαρμάκων από ευέλικτα 
οργανικά ηλεκτρονικά εξαρτήματα. Η έρευνα πραγματοποιήθηκε 
χρησιμοποιώντας ένα συχνά χρησιμοποιούμενο στα βιοηλεκτρονικά 
πολυμερές  το polypyrrole (PPy), επειδή έχει προηγουμένως αναφερθεί 
ότι είναι μη-ανοσογόνο με αμελητέα φλεγμονώδη δράση και θετική 
βιοσυμβατότητα ως προς το παρέγχυμα του ΚΝΣ, in-vivo. Η τεχνολογία 
αυτή έχει την δυνατότητα να εφαρμοσθεί σε θεραπευτικά συστήματα 
στο μέλλον για παραγωγή ουδέτερων επιφανειών σε εμφυτεύσιμα 
συστήματα, ή σε συστήματα τοπικής χορήγησης φαρμάκων. 

  



  



ABSTRACT 

 

Development of biocompatible electronic interfaces and systems 
that can control drug release is a rapidly emerging multidisciplinary 
scientific niche. Various materials are used for bioelectronic applications, 
including inorganic electronic materials (e.g. metals and alloys) and 
organic electronic materials (e.g. graphene, carbon nanotubes, and 
conducting polymers). We focused here on conducting polymers for 
biomedical applications and therapeutics. We report 3D printing of 
conductive polymeric materials in various dimensions and scales 
(mesoscale, microscale and nanoscale) to be applied as organic 
bioelectronic neural interfaces and stimuli responsive drug delivery 
devices. Conductive polymers were 3D printed onto a 3D material 
(Polydimethylsiloxane PDMS acting as a soft conformal interface) using 
two-photon polymerization (TPP) via a direct laser writing (DLW) 
instrument (Nanoscribe), paving the way for the administration of drugs 
from flexible organic electronic devices. The research was carried out 
using a polymer frequently used in bioelectronics (polypyrrole, PPy) 
because it has previously been reported to be non-immunogenic with no 
significant inflammation and with a positive biocompatibility profile with 
CNS parenchyma in vivo. This technology has the potential to be applied 
in therapeutic devices in the future as neural interfaces and implantable 
or topical drug delivery systems. 
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1. Introduction 

The international market of drug delivery is driven by an ever-increasing demand for 

technologies capable of drug delivery at controlled rates. A significant amount of research 

focused on achieving rate control via smart stimuli responsive drug delivery systems that 

respond to either chemical stimuli (e.g. enzymes, ionic strength, and pH) or physical 

stimuli (e.g. electromagnetic fields, light, temperature)(1,2). Interdisciplinary research 

and development of bioelectronic devices for theranostic drug delivery systems using 

electroactive polymers shows some promising preliminary results. 

The purpose of this study was to 3D print electroactive polymer-based conformal 

bioelectronic devices for application as regenerative neural interfaces and drug delivery 

systems that may enable the electrical stimulation of individual nerves and can provide a 

multimodal platform for drug/macromolecule delivery in a controlled fashion. These 

systems are to be 3D printed in different shapes and length scales 

(nanoscale/microscale/mesoscale) as a proof of concept of the ability of such 3D printed 

polymer-based biomaterials to be used as drug delivery systems to be further investigated. 

A brief review of each aspect of this advanced process is provided here.  

Implantable neural interfaces (neuromodulator devices) have received FDA market 

approval for the treatment of various conditions including epilepsy, depression, Parkinson’s 

disease, sleep apnoea, blindness, deafness, urinary and faecal incontinence and 

hypertension(3,4). Moreover, vagal nerve stimulators can be used in the spinal cord for 

pain and bladder control, both of which have been FDA market approved. Neural interfaces 

intended to stimulate nervous tissue or record neural activity from the nervous system 

face a material-based challenge(5). The goal is to enable a higher number of input/output 

channels interacting with the nervous system, while only creating a minimal disruption of 

tissue (i.e. avoid tissue damage and inflammation)(3). 

Regenerative bionics have attracted attention in recent years and looks to facilitate 

tissue regeneration (e.g. bone, muscle, nerve or skin). The composition of the interface 

between the electrodes in the bionic device and tissues determines the ability to 

transport/transfer the charge, ions or molecular species from the system to the 

regenerating nerves. The communication attained between the bionic device and the living 

system determines the overall effectiveness of the prosthetic or nerve regeneration(4). 

These devices have not reached their full potential due to concerns over large variability 

in therapeutic/assistive efficacy, long-term reliability and health risks(3). All these 

concerns can potentially be tackled by reproducible biocompatible 3D printed organic 

smart bioelectronics. 
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Bioelectronics is the interdisciplinary field combining electronics with biological systems, 

mainly for theranostic applications (e.g. biosensors). It allows a bioelectronic device to 

transduce electrical signals at the device-tissue interface. The greatest concern to 

overcome with bioelectronic interfaces is their biocompatibility as they can induce both 

size and mechanical mismatches with the biological system. Concerning the size problem, 

going to the nanoscale can increase the sensitivity and biocompatibility of the devices 

providing applications as blood glucose sensors, cardiac pacemakers, and deep brain 

stimulators. Nanostructures have great promise here due to their small size and large 

surface-to-volume ratio that give high sensitivity to surface reactions, with a small number 

of molecules needed to produce a measurable electrical signal(6). 

Metals and alloys are the main materials used in bioelectronics. Their use induces a 

mechanical mismatch and an immune reaction leading to scar formation around the metal 

as not biocompatible. This scar formation resembles plastic coatings on wires (i.e. 

insulation). Therefore, the therapeutic effect required will only be achieved by supplying a 

higher voltage to the system-tissue interface, potentially causing water molecules within 

the body to split generating free radicals that are harmful to the body and can eventually 

lead to tissue degeneration via various processes. As a result, new research is looking into 

making more biocompatible softer electronic interfaces, such as electrically conductive 

hydrogels with mechanical properties more appealing to the tissue in/on which it is 

implanted/applied. This will pave the way to clinical translation of such materials for 

therapeutic/theranostic applications. 

Ideal bioelectronic materials should be highly conductive, have functional durability over 

the long-term, display electrochemical stability, have a low cross-sectional area, and the 

ability to withstand stress/strain forces. As devices become smaller and vary in their 

geometries, materials that can be handled easily during microfabrication are preferred 

since their conductive properties can be altered with processing. These interfaces need to 

be designed to minimise tissue trauma, remain both functional and biocompatible for the 

lifetime of the patient to avoid corrective surgery or re-implantation, and to be removable 

in the event of unforeseen complications(3). 

In all neural implants there is a decline in neural interface reliability due in part to the 

inflammatory tissue response triggered by the surgical implantation procedure. The initial 

reaction can progress into a chronic immune response, turning into a foreign body 

response and even leading to migration of the tissue or implant. This reactive tissue 

response degrades the electrical characteristics of the interface by forming a high 

impedance encapsulation sheath in conjunction with neural degeneration. This decreases 

the amplitude of the detected neural signals thereby increasing the applied current 

necessary for exciting nearby neurons and limiting the precision of activation via electrical 
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stimulation(3). To limit the foreign body response our research is looking to develop 

biocompatible conductive polymer interfaces capable of delivering therapeutics (e.g. anti-

inflammatories). 

Conductive polymers (CPs) (e.g. polypyrrole [PPy] and poly[3,4-

ethylenedioxythiophene] [PEDOT]) are organic oligomeric or polymeric materials that can 

conduct current (3). They can be composed of aromatic rings (connected by single or 

double bonds) or chains with alternating single and double bonds along the polymer 

backbone(7). They possess many potential therapeutic uses. The future prospect of this 

research is to be able to 3D print conductive polymers for treatments such as rejuvenation 

of neural pathways, 3D screens in eyes, tissue engineering scaffolds, biosensors, drug 

delivery devices and other biomedical applications(1,8–11). 

CPs tend to have relatively low conductivity similar to that of semiconductors (between 

that of an insulator and that of most metals) (12). Electrically conducting polymers are 

semiconductors with a filled valence band and an empty conduction band. These bands 

are separated by an energy gap(5,13). The conductivity of CPs arises from the presence 

of conjugated bonds along the backbone of the polymer(5). This conjugation creates 

narrower band gaps, causing the conducting band to be similar to that of a metal(3). 

They can be prepared either chemically or electrochemically(14). However, their 

polymerization, patterning and structuring can also be achieved by photochemical 

polymerization (15). The chemical polymerisation is realized by either addition reactions 

stimulated by radicals, cations or anions; or condensation reactions. Then tailored to 

include a great variety of modifications, including covalent attachments to the backbone. 

However, chemical techniques make films that often require post-fabrication doping to 

increase conductivity(5). 

To increase the conductivity of the CPs the polymers can be doped. Doping generates 

charge carriers that move in an electric field enabling conductivity. Redox doping can be 

carried out via stabilising counter-ions, requiring either counter ions that are partially 

oxidising electron acceptors (such as acids)(16,17) or partially reducing electron donors 

(such as Na or K)(3,18). Protonation/doping of the polymer with acids along the 

conjugated backbone stabilises the charge on the polymer and increases the effective 

conductivity(7,13). Current resist formulation used here includes camphor sulfonic acid 

(CSA) and hyaluronic acid as dopants(1,16,17,19). Secondary to the main photo-initiation 

radical formation in the two-photon polymerization TPP step, doping optimises the 

conductivity post polymerisation. 

In this project we use pyrrole monomers, which are found in biological systems to minimise 

the prospects for toxicity when used as inks for printing organic polypyrrole (PPY) drug 
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delivery electronic systems. PPy is one of the most common biocompatible conductive 

polymers used for neural interfaces and other biomedical therapeutic applications as it has 

shown to deliver different drugs in response to electrochemical triggers (1,3,19–21). The 

most well known biological context of pyrrole is the tetrapyrrole scaffold of heme and 

related porphinoid cofactors(22,23). Moreover, once polymerized it has been reported to 

have a positive biocompatibility profile with CNS parenchyma in vivo(24). 

 

Fig. 1 Structures of (a) pyrrole monomers & the product (b) Polypyrrole PPy used in the project. 

Conductivity in PPY involves charge transport along its polymer chains, a combination of 

the conjugated polymer backbone and the doped ions (polaron conductivity)(13). Doping 

of these polymers creates new bands in the energy gap, making it possible for the 

electrons to move to these new bands and increasing the conductivity of the materials(13). 

Polarons and bipolarons (Fig. 2) are the dominant charge carriers formed upon doping 

polypyrrole(13,25). The formation of a polaron is equivalent to formation of a radical cation 

and of a bipolaron to di-cation; both extended structures spread over three to four 

monomeric units of the polypyrrole chain(25). Bipolarons play a major role in the electronic 

and transport properties of conducting polymers via mobility along segments of conjugated 

polymer chain and the hopping of charges from chain to chain(13). 

 

Fig. 2 Polypyrrole structure in polaron and biopolaron forms. 

3D printing is a fabrication process that enables translation of 3D designs into physical 

models by additive patterning of materials. Printing techniques have evolved from the 

printing press, movable type, lithography, xerography, and laser printing to 3D 

printing(26). 3D Printing has various applications in optics and photonics(27–32), 

microfluidics(26,29), biosensors(33), drug delivery devices(29,30,33), protein 

assays(34), and bioelectronics(3,6,35). 

Printing conductive polymers via a 3D printer (by Direct Laser Writing DLW in this project) 

enables us to form 3D structures by laser (photo-polymerisation). These structures can be 

formed in a very specific area due to the precise focal point of the laser. This in combination 
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with the biocompatibility of the polymers used to form the 3D structures should minimise 

any possible side effects of the therapeutic devices enabling various applications. 

Direct laser writing (DLW) is a form of lithography whereby the pattern is written 

directly on the resist with laser without the use of a mask (35). Lithography is a patterning 

technique in which a masked pattern is projected onto a photosensitive coating that covers 

a substrate as in Fig. 3(30).  

 

Fig. 3 Photoresist types and photolithography 

DLW uses an advanced concept called multiphoton absorption (MPA) to offer another 

way of fabricating 3D structures. As MPA depends nonlinearly on laser intensity, it is 

possible to localize photochemical/photophysical polymer transformations within the focal 

volume of a laser beam that has passed through a microscope objective. Any continuous 

arbitrary 3D structure can be fabricated by moving the laser focus in 3D relative to the 

substrate as MPA triggers photochemical crosslinking of monomers within the resist 

causing local crosslinking of the monomer molecules at the focus (35). MPA techniques 

offer real time 3D fabrication with feature sizes of the resultant materials of sub-100nm 

resolution(12,30). 

Due to the spatial and temporal concentration of photons, the local intensity is high and 

the simultaneous absorption of two or more photons is probable in the focus. The 

probability of TPP is low outside the focus, which stops/reduces the accumulation of 

synthesised polymers in the periphery(35). This is a result of the nonlinear nature of the 

excitation. Therefore, the material is only chemically/physically modified within this small 

focal volume, which can be much smaller than the wavelength of light from the laser(36). 

In this project, we direct a femtosecond pulsed laser beam with a small focal point at a 

photosensitive resist (ink)(35) at the nano/microscale using a device called 
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Nanoscribe(37). The laser beam is focused tightly to a small desired volume of the resist 

by a high numerical aperture (NA) objective (38). 

The photosensitive resist (ink) consists of a mixture of monomeric species 

(electroactive in their polymerised state; such as PPy) and a photo-initiator. Polymerisation 

of these monomers into their respective conductive polymers utilises a two-photon 

polymerisation (TPP) (35). A photo-polymerisation mechanism that intiates polymerisation 

reactions at the photo-illuminated part(39). 

Resists used can be negative or positive. Negative resists harden and form a structure 

when a laser is applied. In contrast, the laser destroys positive resists in the focal point of 

the laser as shown in Fig. 3(40). 

A resist for TPP would need to transmit at 790nm and absorb at about 390nm, half the 

wavelength. The input wavelength (transmit source) is twice the UV equivalence 

wavelength (photo-initiation 390nm absorbance) as a general rule 790nm/390nm = 2, 

thus 2 photons at 790nm. The combined transient 2-photon event is very fast, hence the 

importance of very quick-pulsed laser and using the highest laser intensity to provide the 

best chance of coincident photons. This also provides precision and resolution (41). 

The laser beam is focused into the resist and TPP is triggered only in the focal spot volume 

as discussed before. This spot is called a voxel(36,42). In comparison to pixels (picture 

elements) in 2D printing, 3D printing is composed of voxels (volume elements)(35). Small 

voxels tightly arranged lead to a greater accuracy in 3D printing. The precision of these 

photo-polymerised structures relies on the voxels and their spatial arrangement(38). The 

minimum voxel size is roughly 50nm, which is more than ten times smaller than the 

used laser wavelength(35). 

This photochemical process is initiated by light at near infrared (NIR) frequencies 

generated by a femtosecond laser(38). A photon is only absorbed if its energy is greater 

than the energy of the band gap of the photo-initiator. Laser focused on the resist causes 

photons with higher energy than that of the band gap to be absorbed. Multiphoton 

absorption or two-photon absorption use high laser intensities that cause simultaneous 

absorption of two or more photons with a sum of energies greater than the band gap 

energy. Therefore, a two photon absorption photo-initiator (PI) is used to absorb two 

photons simultaneously when the initiator molecules transit from a lower energy level to 

a higher energy level(30). Irgacure (2-Hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone), commonly used in inks/photoresists, is the TPP photo-initiator 

chosen for this project (Fig. 4)(43). 
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Fig. 4 Structure of Irgacure. 

This change in energy level is due to a promotion of electrons from the valence band to 

the conduction band that leads to energy transfer to a higher state by the combined energy 

from the 2 photon absorption(44). A standard two-photon absorption involves the photo-

initiator molecule excited from the singlet ground state (S0) to the excited state (S1), from 

which it relaxes causing cleavage radicals formation which initiate polymerisation of the 

monomers(40). The bond must have a dissociation energy lower than the excitation 

energy of the reactive excited state to have the product polymeric bonds(36). The 

photoinitiator has to be easily reduced to an initiating species upon illumination and 

provide photo-produced radicals(33). These electron excitations of the photo-initiator via 

the absorbance of two-photons can occur by a stepwise or simultaneous mechanism (Fig. 

5)(33). Stepwise electron excitation can be considered as two sequential single photon 

absorptions. Simultaneous two photon absorption involves an electron absorbing two 

photons simultaneously to transcend the energy gap in one excitation event(33). 

 

Fig. 5 Illustration of two photon absorption schemes. (a) Stepwise two-photon absorption,    (b) 

simultaneous two-photon absorption [reproduced from Sun HB, 2004] (33). 

Photopolymerization could be defined as a chemical reaction that turns monomers into 

repeating-units macromolecules (Polymers), by using light as the reaction trigger(45). A 

photo-polymerisation process is made of three steps: initiation, propagation and 

termination. Initiation, shown in (Eq. 1), involves photo-initiators (PIs) reaching an excited 

state (PI*) by absorption of 2 photons and then decompose to radicals (R·) which start the 

polymerisation reaction (30,38). Then, propagation occurs as shown in (Eq. 2). The 

radicals combine with monomers (M) to produce monomer radicals (RMn·).                                                                                                                                                                                           

 

 

Eq. 1 

Eq. 2 

Eq. 3 
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Finally, the mechanism ends with a termination step in (Eq. 3), the two monomer radicals 

are combined and the photo-polymerisation process is terminated(38). 

When using Nanoscribe, DLW u x/y/z movement to create the required structures, via 

piezo or galvo scanning. Piezo scanning involves a fixed laser beam but a moving 

sample/stage. This is a very precise approach with arbitrary x-y-z trajectories for highly 

complex structures. Galvo scanning involves a moving beam but a fixed sample/stage 

making a less precise structure yet allowing fast layer by layer writing (36,42). 

The 3D structure is designed via computer aided design (CAD) software. Then it gets 

executed in the resist by exposure to the laser beam. The laser can pass unperturbed 

through both polymerised and non-polymerised regions of the material (Fig. 6). After the 

laser has traced the 3D design, the structure may be recovered by washing away the non-

polymerised material with common solvents (development step)(36). Different objectives 

can be used within the nanoscribe to create different resolutions of structures. Objectives 

with high NA (100x) facilitate fabrication with high resolution(33). 

 

Fig. 6 Diagram illustrating NIR laser focused in the focal spot of the photoresist, forming the 3D 

structure [reproduced from Nanoscribe https://www.nanoscribe.com/en/solutions/photonic-professional-gt] 

Research on 3D printing of conductive polymers rarely applied them to drug 

delivery(10–12,14,15,34,39,46,47). Moreover, the use of conductive polymers for neural 

modulation and/or drug delivery was rarely conducted using multiphoton fabrication 

techniques(2,4–6,9,19–21,48). Only one attempt in literature has been made to prove the 

ability of 3D printed conductive polymeric systems to be used in drug delivery(1). In this 

attempt by Hardy and co-workers, PPY-based materials were shown to deliver small 

quantities of a model drug (carboxyfluorescein)(1). This project here continues the work 

on this attempt, optimizing the process of printing this PPY-based resists on/in 3D 

materials (PDMS) as a conformal soft interface, designing different shapes of conductive 

prints in various dimensions and scales (mesoscale, microscale and nanoscale), 

characterizing these 3D prints electroactivity so that it can be applied in therapeutic 

devices in the future as neural interfaces and implantable or topical drug delivery systems. 

https://www.nanoscribe.com/en/solutions/photonic-professional-gt2
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2. Materials and Methods 

2.1 Materials 

DOWSIL™ 184 Silicone Elastomer Kit containing both: Polydimethylsiloxane (PDMS) as 

SYLGARD™ 184 Silicone Elastomer base and SYLGARD™ 184 Elastomer Curing agent 

obtained from Dow Europe GmbH. Round Glass Coverslips of 30mm diameter and 1.5 mm 

thickness obtained from Thermo scientific Menzel Gläser. Pyrrole grade 98%, Irgacure 98 

% (2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone), Poly (ethylene glycol) PEG 

diacrylate average Mn 1000 and 2000, Poly (ethylene oxide) PEO average Mv 5,000,000 

all obtained from Sigma Aldrich. Polyethylene glycol 10,000, (1R)-(-)-Camphor-10-

sulfonic acid (CSA) 98+% and Hyaluronic acid sodium salt all obtained from Alfa Aesar™. 

Aluminium oxide, basic, Brockmann I, 50-200μm, 60Å, from ACROS Organics™. 

2.2 Methods 

2.2.1  Polydimethylsiloxane (PDMS) conformal interface preparation 

PDMS base was mixed thoroughly with the curing agent in a monomer: curing agent 10:1 

ratio w/w to activate the composite mixture. The mixture was put in a desiccator under 

vacuum for 30 minutes to get rid of any air bubbles. 

2.2.2 Preparation of PDMS coated glass coverslips and optimization of spin 

coating process 

1.5 mm thick glass coverslips were spin coated with PDMS via Laurell WS-650-23NPPB 

Spin Coater (Fig. 7). Optimization of the spin coating process to have the optimum coating 

thickness of PDMS coating layer was based on three factors: rotational speed of spinning, 

duration of spinning, volume of PDMS droplet. The droplet volume of 0.5 ml PDMS was 

kept constant. However, different velocities varying from 500 to 6000 rpm and different 

spinning durations varied from 2 min to 2.5 minutes in total. 

Program no. Step 1(spread time) Step 2(spin time) Total duration 

1 30 s - 500 rpm 120 s - 750 rpm 150 s 

2 30 s - 500 rpm 90 s - 1000 rpm 120 s 

3 30 s - 500 rpm 120 s - 1000 rpm 150 s 

4 30 s - 500 rpm 120 s - 1500 rpm 150 s 

5 30 s - 500 rpm 120 s - 2000 rpm 150 s 

6 30 s - 500 rpm 90 s   - 3000 rpm 120 s 

7 30 s - 500 rpm 120 s - 3000 rpm 150 s 

8 30 s - 500 rpm 120 s - 4500 rpm 150 s 

9 30 s - 500 rpm 120 s - 6000 rpm 150 s 

Table 1. The programs used for spin coating specifying rotational speed (rpm) 
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Fig. 7 A diagram illustrating PDMS spin coating process 

2.2.3 PDMS coat layer curing 

Two curing conditions were tried through the project to determine the most reliable 

technique to cure the PDMS layers. PDMS curing was either: (a) left to cure for two days 

under room temperature or (b) heated in the oven at 90˚C for 2.5 hours. Curing 

temperature was limited by the maximum temperature a plastic Petri dish can withstand. 

Dow Corning Sylgard 184 PDMS can be cured over a range of times and temperatures, 

spanning ~48 hours at room temperature to 10 minutes at 150˚C(49). 

2.2.4 Formulation/optimization of the negative tone pyrrole based photoresist 

Pyrrole was cleaned up using a column of alkali alumina hydroxide basic 50-200μm. Then 

1ml Pyrrole was added to mixture of 250 mg Irgacure, 1 mg PEG 10,000 and 1 mg PEG 

diacrylate 2000. Then this mixture was sonicated for 10 minutes. Then the dopant (either 

330 mg CSA or 50 mg HA) were added to the mixture and sonicated again for 10 minutes. 

PEG 10,000 was tried versus PEO 5,000,000 and two molecular weights of PEG diacrylate 

(1000 and 2000) were tried in order to obtain the best possible ink viscosity and 

attachment to the PDMS layer coating glass coverslips. 

50µl of the pyrrole based photoresist were casted on each PDMS coated glass coverslip 

and left for at least 1 hour before the 3D printing process using Nanoscribe. 

2.2.5 Designing the print ( Computer Aided Design CAD) 

Different print structures and shapes were designed via Autodesk Fusion360 in in various 

dimensions and scales (mesoscale, microscale and nanoscale), then exported to the 

Nanoscribe software to be printed. 

2.2.6 Direct Laser Writing DLW using Nanoscribe ”The Photonic Professional GT” 

With a light source: Er-doped fiber laser of wavelength 780 nm, pulse duration <150 fs, 

repetition rate 100 MHz and 50 mW power at focus point, the focused laser traces the 3D 

profile of the structure to be printed. Power range used varied from 50 to 70%. And the 

two printing speeds used were 10,000 μm/s and 15,000 μm/s. Nanoscribe software was 

also used to determine the thickness of the PDMS layer coating the glass coverslips. 
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Fig. 8 Diagram illustrating Direct Laser Writing DLW using Nanoscribe. 

2.2.7 Size and Shape Characterization 

2.2.7.1 Optical Microscopy 

3D prints were checked under ZEISS Köhler Primo Star Microscope under different 

magnifications (x4, x10 and x40) and images were recorded via LUCAM Capture Software. 

The total surface area of each print was determined after fabrication using ImageJ software 

surface-area-analysis feature. 

2.2.7.2 Scanning Electron Microscopy SEM 

Samples coated with a gold layer of 3nm (via Quorum Sputter Coater) were analysed via 

SEM in horizontal (and tilted mode showing 3D). Energy Dispersive X-Ray Spectroscopy 

(EDS) maps were generated for some selected samples in conjugation with SEM. 

2.2.8 Physical Stability Characterization 

3D Prints were placed in 5 ml of deionized milliQ water each, three samples at room 

temperature and three in an oven at 90°C. Water was changed weekly. Then the 3D prints 

were taken out after 115 days, dried and checked under the microscope and ImageJ for 

any morphological or surface area change. 
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2.2.9  Scanning Electrochemical Microscopy SECM Imaging of 3D-Printed 

Conducting Polymers 

(By Dr. Andy Wain, National Physical Laboratory NPL, London) 

SECM System: CH Instrμments CHI920D, Electrolyte Solution: 1 mM Ferrocenemethanol 

+ 0.1 M KCl, SECM Probe: 10 mm diameter Pt microelectrode, Reference Electrode: 

Saturated Calomel Electrode (SCE), Counter Electrode: Pt gauze, Imaging Mode: Feedback 

mode (tip biased at 0.4V, sample unbiased). 

3. Results 

3.1 Preparation of PDMS coated glass coverslips and optimization of spin 

coating process. 

A 2-step spin coating program was developed with the first step of (500 rpm for 30s) 

spreading the PDMS droplet over the whole glass coverslip then a second step of different 

velocities (ranging from 1000 to 6000 rpm for 90 or 120s)  as shown in Table 2. We 

obtained less PDMS thickness values (in μm) with higher velocities (rpm) in a non-linear 

regression fashion as shown in Fig. 9. Reproducibility of the PDMS thickness obtained 

increased with higher rotational speed programs. 

 

Program no. Step 2(Spin time) Average thickness 

(μm) ± Standard 

Deviation (SD) 

1 120 s - 750 rpm 72 ± 8.29 

2 90 s - 1000 rpm 51.5 ± 4.38 

3 120 s - 1000 rpm 47 ± 4.28 

4 120 s - 1500 rpm 32.4 ± 4.09 

5 120 s - 2000 rpm 21.4 ± 3.23 

6 90 s   - 3000 rpm 18 ± 1 

7 120 s - 3000 rpm 17.3 ± 0.95 

8 120 s - 4500 rpm 9 ± 0 

9 120 s - 6000 rpm 4 ± 0 

 

Table 2 The programs used for spin coating specifying rotational speed (rpm) and the 

resultant average thickness of PDMS coating layer in μm. 
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Fig. 9 The effect of the spin coating rotational speed in the second step of coating (in rpm) on 

the PDMS layer coating thickness (μm). 

3.2 Formulation/optimization of the negative tone pyrrole based photoresist   

Both CSA and HA were used to dope PPy photoresists. CSA proved more practical for the 

project to continue with as HA doped photoresists quickly developed flakes after 30 

minutes of dropping on PDMS coated glass coverslips. CSA ink on the other hand, showed 

the ability to be used up to 3 days after preparation and casting on PDMS. 

The use of PEG Mn 10,000 and PEG diacrylate Mn 2,000 made better ink viscosity and 

anchoring to the PDMS layer. Moreover, the order of mixing proved to be critical as adding 

the constituents of ink in another order quickly created big lumps in the vial with very little 

ink solution to use. 

3.3 Designing the print (Computer Aided Design CAD) 

Many shapes were successfully designed in various dimensions and scales (mesoscale, 

microscale and nanoscale) to test the ability of the device and the photoresist to fabricate 

polymeric 3D prints in many scales. 

   

Fig. 10 3D Designs in different scales in top view and respective isometric 3D view. 
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3.4 Direct Laser Writing DLW using Nanoscribe” The Photonic Professional GT”  

Smaller Prints (surface area SA less than 0.15 mm2) showed higher reproducibility of 83% 

(50 complete prints out of 60) than bigger Designs (SA ≥ 0.25 mm2) with reproducibility 

of about 35% (8 successful prints out of 23) (Fig. 11). A print was deemed complete or 

not after microscopic image and SA were matched with the desired design SA. 

                                

Fig. 11 Microscopic images of a successful and an incomplete print (of SA = 0.25 mm2) 

3.5 Size and Shape Characterization 

As shown in Fig. 12, 13, 14 we obtained polymeric 3D prints of different dimensions and 

scales on decreasing thickness of PDMS. SEM images show the 3D prints emerging to the 

surface of the PDMS layer upon further decrease of the PDMS layer thickness (which allows 

conductivity measurement using SECM). Some prints were obtained on glass as a 

reference. Nano-feature prints were obtained on ITO glass for higher resolution (Fig. 15). 

EDS mapping were done on selected samples as shown in Fig. 16. K α emission of Carbon 

from the 3D PPy-based prints increased upon decrease of PDMS thickness. 

                               

  

Fig. 12 Microscopic images of 3D prints (a) on glass, (b) on a PDMS thickness of 58 μm, (c) sketching on 

a PDMS thickness of 42 μm, (d) on a PDMS thickness of 31 μm, (e) on a PDMS thickness of 23 μm and 
(f) on a PDMS thickness of 18 μm. 
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Fig. 13 Microscopic images of 3D prints (g) on a PDMS thickness of 9 μm and (h) on a PDMS thickness of 4 μm. 

 

 

    

  

Fig. 14 SEM images of the same 3D prints (a) on glass, (b) on a PDMS thickness of 58 μm, (c) sketching on a 

PDMS thickness of 42 μm, (d) on a PDMS thickness of 31 μm, (e) on a PDMS thickness of 23 μm, (f) on a 

PDMS thickness of 18 μm, (g) on a PDMS thickness of 9 μm and (h) on a PDMS thickness of 4 μm. 

 

  

 

  

  

   

 



- 16 - 
 

   

   

   

   

    

 

 

 
 

 

Fig. 15 SEM images of 

(i) higher resolution 3D print on ITO glass 
(j) tilted/cornered view of the same 
sample, 
(k) nano-feature 3D prints on ITO glass, 
(l) tilted/cornered view of the same nano-
feature 3D prints. 
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Fig. 16 K α emission of Carbon by EDS 

layered images of 3D prints 

(a) on glass,  
(b) on a PDMS thickness of 58 μm,  
(c) sketching on a PDMS thickness of 42 μm,  

(d) on a PDMS thickness of 31 μm,  
(f) on a PDMS thickness of 18 μm,  
(h) on a PDMS thickness of 4 μm and  
(k) nano-feature 3D prints on ITO glass. 
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3.6 Physical Stability Characterization 

Samples had the same morphology and surface area after 115 days incubation in deionized 

milliQ water at both room temperature and 90°C. 

  
Fig. 17 (a) a 3D print and (b) same 3D print after incubation in 90°C for 115 days. 

Sample number Temp oC   Surface Area before incubation Surface Area after 115 days 

1  

90°C 
0.14 0.14 

2 0.14 0.14 
3 0.13 0.13 
4 Room 

Temp 
0.14 0.14 

5 0.14 0.14 
6 0.14 0.14 

Table 3 Surface area before and after incubation for 115 days at 90°C or Room Temperature. 

3.7 Scanning Electrochemical Microscopy SECM Imaging of 3D-Printed 

Conducting Polymers 

In Fig. 18, 19[A-F], Lower current observed over printed features, suggesting raised 

topography as the 3D prints in green have less electro-activity than the surrounding PDMS 

with approach curves showing less conductivity (negative feedback) the closer the 

analysing tip comes closer to the 3D print. Decreasing PDMS thickness as in Fig. 19[G, H] 

combined with a bigger print size showed higher electroactivity (positive feedback). PPy 

print on glass was electroactive as a reference in Fig. 19[I]. Additionally, comparable 

electroactive behaviour has been shown in PEDOT 3D print on PDMS in Fig. 20. 

    

 
Fig. 18 (A) microscopic image of a 3D print on a 51 μm thick PDMS layer, (B) SECM image of the 

same 3D print and its respective (C) approach curves from positions 1 and 2. 
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Fig. 19 (D) microscopic image of a PPy 3D print on a 25 μm thick PDMS layer, (E) SECM image of 

the same 3D print and its respective (F) approach curves from positions 1 and 2 on SECM image, 
(G) SECM image of a PPy 3D print on a 4 μm thick PDMS layer and its respective (H) approach 

curves of positions 3 and 4, (I) SECM of a PPy 3D print on glass as a reference. 
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Fig. 20 SECM image of a PEDOT-based 3D print on PDMS. 

4. Discussion 

We optimized the spin coating process to have reproducible optimum thickness for the 3D 

Prints to be embedded successfully in these PDMS conformal layers with contact points 

emerging for conductivity measurement. A 2-step spin coating program was developed as 

1-step programs proved to fail as accelerating directly to a high rotational speed made the 

PDMS drop fly away making non-uniformity in coating thickness especially in the edges. 

Therefore, we introduced a spreading step of 500 rpm for 30 seconds and kept it constant 

in all programs, and that led to preventing any edge effect(50). 

Then for the second step, we used different rotational speeds from 1000 to 6000 rpm for 

a duration of 120 seconds. 90 seconds duration was tried in some cases to have a slightly 

thicker thickness. The thickness of the PDMS coating layer was inversely proportional with 

the rotational speed in a non-linear regression behaviour. This regression can be further 

used to anticipate the thickness of the PDMS layer without having to go through many 

trials. We could observe that the decrease in thickness is steep in the beginning then it 

becomes slower in a nonlinear regression fashion that is typical to the spin coating process 

of viscous solutions(51–53). 

Smaller prints (with SA less than 0.15 mm2) showed higher reproducibility of 83% than 

bigger designs (with SA ≥ 0.25 mm2) with reproducibility of about 35%. That can be 

justified by the fact that increasing the print size increases the print time, which 

subsequently might increase the probability of having slight changes to the photoresist in 

that time. The reason might also be slight changes in PDMS uniformity at larger print areas 

or the laser getting out of the ink droplet itself. 

A thickness of about 47 ± 4.28 µm obtained by program (3) was optimum for supporting 

the ink droplet and obtaining reproducible successful 3D prints. However, with such 

thickness PPy prints were hardly coming out of the PDMS layer as shown in Fig. 16[b, d]. 

Decreasing the thickness of the PDMS layer increased the probability of finding polypyrrole 

emerging at the surface of PDMS as shown in the EDS images Fig. 16[f, h]. 
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The thickness of 18 µm was thought to be enough to have the 3D prints out of PDMS as it 

has shown promise in EDS images in Fig. 16[f]. However, SECM results (Fig. 18, 19[A-F]) 

shown negative feedback that can either be justified by a polymeric layer blocking the 

signal (PDMS layer covering the print) or that the print size was way smaller than the 

analysing electrode tip. Therefore, SECM was performed on bigger surface area prints 

made on even thinner PDMS layers (4 μm) that eventually led to positive electroactivity 

feedback (Fig. 19[G, H]) coinciding with results of printing on glass (Fig. 19[I]) and 

comparable to PEDOT prints (Fig. 20). 

Many 3D shapes in various scales have been printed (Fig. 12-15) proving the ability of 

direct laser writing process and PPy based photoresist to be considered one of the 

promising approaches in manufacturing polymeric devices. Moreover, the physical stability 

of the 3D prints has been proven at room temperature and against a very high temperature 

(90°C) for 115 days. However, the chemical stability and electroactivity should be further 

investigated with such temperature and duration of incubation. 

5. Conclusion 

Herein we report the preparation of electroactive polymer (CP) based biomaterials via 

multiphoton fabrication. Polymeric biomaterials were 3D printed in various dimensions and 

scales (mesoscale, microscale and nanoscale) onto a 3D material (controlled-thickness-

polydimethylsiloxane acting as a soft conformal interface) using Two-photon 

polymerization (TPP) via a direct laser writing (DLW) instrument (Nanoscribe). The 

research was carried out using a polymer frequently used in bioelectronics (polypyrrole 

PPy) as previously to be non-immunogenic with no significant inflammation and with a 

positive biocompatibility profile with CNS parenchyma in vivo(24). The physical stability 

and electroactivity of the produced PPy-based 3D prints has been probed. Hence, such CP-

based materials have prospects for the development of de novo designed implantable 

neural interfaces and may also be useful to deliver drugs or macromolecules in a highly 

localized fashion(1,9,54–56). For which, the chemical stability and electroactivity of the 

3D prints should be investigated on different periods. Efficacy of PPy-based 3D prints to 

deliver drugs in response to electricity must be validated. Moreover, further toxicity studies 

are needed to confirm the safety of use of PPy-based 3D prints for biomedical use. 
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Abstract 

Development of biocompatible electronic interfaces and systems that can control drug 

release is a rapidly emerging multidisciplinary scientific niche. Various materials are used 

for bioelectronic applications, including inorganic electronic materials (e.g. metals and 

alloys) and organic electronic materials (e.g. graphene, carbon nanotubes, and conducting 

polymers). We focused here on conductive polymers for biomedical applications and 

therapeutics. We report 3D printing of conductive polymeric materials in various 

dimensions and scales (mesoscale, microscale and nanoscale) to be applied as organic 

bioelectronic neural interfaces and stimuli responsive drug delivery devices(1). Conductive 

polymers were 3D printed onto a 3D material (Polydimethylsiloxane PDMS acting as a soft 

conformal interface) using two-photon polymerization (TPP) via a direct laser writing 

(DLW) instrument (Nanoscribe), paving the way for the administration of drugs from 

flexible organic electronic devices. The research was carried out using a polymer frequently 

used in bioelectronics (polypyrrole PPy) because it has previously been reported to be non-

immunogenic with no significant inflammation and with a positive biocompatibility profile 

with CNS parenchyma in vivo. This technology has the potential to be applied in 

therapeutic devices in the future as neural interfaces and implantable or topical drug 

delivery systems. 
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