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Abstract 

Long-term, real-time molecular monitoring in complex biological environments is critical for our 

ability to understand, prevent, diagnose, and manage human diseases. Aptamer-based 

electrochemical biosensors possess the promise due to their generalizability and a high degree of 

selectivity. Nevertheless, the operation of existing aptamer-based biosensors in vivo is limited to a 

few hours. Here, we report a first-generation long-term in vivo molecular monitoring platform, 

named aptamer-graphene microtransistors (AGMs). The AGM incorporates a layer of pyrene- 

(polyethylene glycol)5-alcohol and DNase inhibitor-doped polyacrylamide hydrogel coating to 

reduce biofouling and aptamer degradation. As a demonstration of function and generalizability, 

the AGM achieves the detection of biomolecules such as dopamine and serotonin in undiluted 

whole blood at 37 ºC for 11 days. Furthermore, the AGM successfully captures optically evoked 

dopamine release in vivo in mice for over one week and demonstrates the capability to monitor 

behaviorally-induced endogenous dopamine release even after eight days of implantation in freely 

moving mice. The results reported in this work establish the potential for chronic aptamer-based 

molecular monitoring platforms, and thus serve as a new benchmark for molecular monitoring 

using aptamer-based technology. 
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Introduction 

The ability for real-time monitoring of specific molecules in complex biological environments 

found in vivo has been reported to play an important role in the diagnosis and management of 

human diseases such as mental health,  diabetes, cardiac diseases, acute kidney disease, and 

cancer1-5. For example, the continuous glucose meter (CGM), with the capability of real-time 

glucose monitoring for one to two weeks in the skin interstitial fluid, has revolutionized the 

effective management of diabetes6. However, the CGM represents the only commercially available 

biosensor for real-time molecular monitoring in vivo. The enzymatic sensing mechanism of CGM 

is not generalizable to other important biomarkers, like drugs7-10 and hormones11-13, due to the 

limited number of available enzymes for targeted analytes. To date, the design of biosensors for 

real-time molecular monitoring beyond the CGM has faced many of the following technical 

challenges: (1) the biosensing platform must be generalizable, thereby making it easy to adapt the 

platform to new targets, (2) it must have sufficient sensitivity and selectivity both for the low (nM) 

concentrations of biomarkers and be robust to interference from other molecules with similar 

structures, and (3) it must be resistant to biofoulings and performance degradation for long-term 

and real-time monitoring. 

Electrochemical aptamer-based (EAB) biosensors have demonstrated the potential to address 

the abovementioned challenges for real-time molecular monitoring in clinically relevant in vivo 

environments14-18. Generally, EAB sensors consist of single-stranded DNA or RNA aptamers 

functionalized on the surface of a gold working electrode17. Redox reporters, like methylene blue 

or ferrocene, are typically functionalized to one end of the aptamers, allowing for charge transfer 

upon the conformational change of aptamers caused by the binding of targets19.  More specifically, 

the binding and dissociation of target analytes to aptamers cause the conformational rearrangement 
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of aptamers, which changes the electron transfer rate between redox reporters and the working 

electrode and results in a measurable current change. This current change can be monitored by 

several electrochemical methods, like square-wave voltammetry and cyclic voltammetry20. EAB 

sensors have been widely used for real-time monitoring of multiple therapeutic drugs (kanamycin21, 

22, vancomycin3, ampicillin23, and doxorubicin24) and metabolites (ATP and phenylalinine25, 26) in 

vivo in small animal models. Nevertheless, the EAB sensors suffer from (1) limited in vivo 

measurement time (a few hours, Supplementary Table 1) and (2) difficulty in miniaturizing the 

EAB sensors down to micrometer scale (to be comparable with the CGM) considering the tradeoff 

between the magnitude of measurable current and the microscale sensor dimensions14, 27, 28. 

Unlike simple electrode-based electrochemical transducers, transistors can simultaneously 

transduce and amplify the sensor signal, thereby enabling the miniaturization of aptamer-based 

electrochemical biosensors without sacrificing the signal-to-noise ratio29. Among these, graphene 

field-effect transistor (gFET) has emerged as a high-performance platform for electrochemical 

biosensing due to the high carrier mobility of graphene and its atomic layer thickness30, which 

enables the detection with high sensitivity. A graphene field-effect transistor biosensor is typically 

a three-terminal electronic device, in which source and drain terminals are bridged by sensing 

material, and current flow between source and drain electrodes is modulated by a gate terminal31. 

When the gate voltage is applied onto the surface of an gFET device through an electrolyte, 

positive and negative charges are separated and form an electrostatic double layer, serving as an 

insulator to tune the conductivity of the device32-34. Transistor-based aptamer sensors have been 

used as the new toolkits for real-time molecular monitoring in vivo35, 36. Nevertheless, like EAB 

sensors, these sensors can survive for only several hours in complex in vivo biological 
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environments because of sensor degradation caused by biofouling, which impedes chronic 

performance35, 37.  

Here, we report aptamer-graphene microtransistors (AGMs) that incorporate a layer of pyrene-

(polyethylene glycol)5-alcohol (pyrene-PEG5-alcohol) and DNase inhibitors doped 

polyacrylamide hydrogel for long-term molecular monitoring in undiluted whole blood samples 

and in vivo environments. In vitro demonstrations in undiluted whole blood at 37 ºC showed the 

detection of a physiologically relevant range of dopamine and serotonin over 11 days (retaining 

50% of the original response). These surface-coated AGMs exhibited the capability to monitor 

optogenetically evoked dopamine release in vivo in mice over one week. In freely moving mice, 

they successfully monitored endogenous dopamine release induced by animal behaviors such as 

the return of righting reflex (RORR) and sucrose consumption even after eight days of 

implantation. The development of this type of long-term aptamer biosensor for in vivo monoamine 

monitoring will serve as a benchmark and template for developing aptamer-based biosensors for 

long-term monitoring of a broad range of molecules in a host of biological environments. 

Results 

Design and fabrication of AGMs  

As shown in Figs. 1a and b, we designed an implantable filament probe (450 μm wide, 81.8 

μm thick, and 6.2 mm long) that consists of four AGMs with a size of 50 µm × 50 µm. The AGM 

fabrication is based on photolithography and sputtering deposition protocols to define the source, 

drain, and gate contact pads on the polyimide substrates (thickness: 81 µm), followed by 

transferring patterned graphene onto the source-drain contact pads, as described in our previous 

studies35, 36, 38. Here, an Ag/AgCl electrode, widely used for acute and chronic in vivo studies16, 39-
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42,  was fabricated on the polyimide substrate as the gate electrode. The sensor surface was then 

encapsulated with SU-8 layer (thickness: 800 nm) to define the active graphene sensing area of 50 

μm × 50 μm, and to prevent the penetration of biofluids. The aptamers were functionalized on the 

surface of the graphene microtransistors. Real-time dopamine monitoring is achieved through the 

reversible conformational rearrangement of negatively charged phosphate backbones of aptamers 

functionalized on the graphene microtransistors in the presence of the target dopamine (Fig. 1c), 

thereby causing an increase in the number of hole carriers and generating a measurable shift of the 

transfer curve of the AGM (Fig. 1d). This shift is proportional to the target concentration36. In this 

study, the sensor response is defined as the percentage change of the Dirac point voltage, VDP (the 

voltage at the lowest source-drain current in the transfer curve), caused by the presence of 

dopamine.  

Sensor response (%) = (ΔVDP/V0) × 100 

where ΔVDP and V0 are the change of the Dirac point voltage in the presence of dopamine and the 

initial voltage without dopamine, respectively. 

The sensor could lose functionality in complex biological environments due to: 1) the loss of 

surface assembled monolayer (aptamers); 2) biofouling of the sensor surfaces due to non-specific 

adsorptions; 3) the degradation of aptamer from endogenous nucleases in in vivo environments. 

To tackle these issues and enable long-term molecular monitoring, the sensor surface was first 

functionalized with a dopamine aptamer, followed by surface passivation with pyrene-PEG5-

alcohol and DNase inhibitor-doped anti-biofouling hydrogel surface coatings (thickness: ~10 µm) 

(Fig. 1e and Supplementary Fig. 1). Fig. 1f shows a mouse implanted with the surface-coated 

AGM in the nucleus accumbens shell (NAcSh) of a mouse brain following one week of 

implantation. Fig. 1g demonstrates the capability of real-time in vivo dopamine monitoring during 
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photostimulation (20 Hz, 5 ms pulse width) for surface-coated AGMs, whereas the control 

graphene microtransistor channel (without aptamer functionalization) shows negligible signal 

response during photostimulation. 

Aptamer monolayer functionalized with non-covalent π-π stacking is stable 

To examine the potential loss of functionalized aptamers on the graphene surface, we 

investigated the stability of aptamer monolayers based on two widely used functionalization 

methods, covalent electrografting and non-covalent π-π stacking (Fig. 2a). For the covalent 

method, the graphene surface was first functionalized with 4-aminophenyl (Ph-NH2) group 

through the electrochemical grating method. The electrografted NH2 group served as the linker to 

anchor dopamine aptamer through EDC/NHS reaction, as reported in our previous work36. For the 

non-covalent method, pyrene-tagged dopamine aptamer was assembled onto the graphene surface 

via the π-π interaction between the pyrene group and graphene. Successful surface 

functionalization based on these two methods was verified via Raman spectroscopy (Figs. 2b and 

c). A clear D peak was observed for the electrografted graphene sample, which is attributed to the 

conversion of sp2 hybridized carbons to sp3 ones. Additionally, an obvious G’ peak at ~1623 cm-1 

was obtained in the non-covalent case, resulting from the pyrene molecule attached to the graphene 

surface via π-π stacking43. The sensing performance of the AGMs prepared using these two 

different methods was determined by exposing sensors to biologically relevant dopamine 

concentrations (1 nM, 100 nM, and 10 μM). As shown in Figs. 2d and e, the transfer curves of 

AGMs shifted rightward when dopamine solution was added, and a higher dopamine concentration 

caused a larger shift of the transfer curves, suggesting that both methods are able to successfully 

functionalize aptamers on the graphene microtransistors.  
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We then investigated the stability of the aptamers functionalized on the sensor surface using 

these two methods. We incubated sensors in 1× PBS at 37 °C for two weeks, and then measured 

their responses to different concentrations of dopamine (Figs. 2d and e). Dopamine concentration-

dependent electrical responses for covalent and non-covalent functionalization are summarized in 

Figs. 2f and g. Notably, minimal change of the response was observed after incubating in 1× PBS 

at 37 °C for two weeks for functionalized sensors based on either covalent or non-covalent method, 

indicating the long-term stability of the functionalized aptamers in 1× PBS. However, the overall 

dopamine concentration-dependent responses for sensors prepared based on the non-covalent 

method are much higher than those based on the covalent method (Figs. 2f and g). The non-

covalent method preserves the intrinsic high carrier mobility of graphene microtransistors, while 

the covalent method lowers carrier mobility due to the conversion of sp2 hybridized carbons into 

sp3 hybridized ones, locally disrupting the conjugation of graphene and lowering sensor 

transconductance (gm_h) (Fig. 2h). Thus, a smaller sensor response is observed for AGMs prepared 

by the covalent method. Considering the high sensor response, simple functionalization steps, and 

the stable response over two weeks in 1× PBS at 37 °C, the non-covalent method is selected to 

functionalize aptamers onto the graphene microtransistor surface.  

Pyrene-PEG5-alcohol passivation enables long-term operation in protein-rich aCSF and rat 

CSF 

In addition to the stability of the assembled aptamer monolayer, biofouling of the sensor 

surface due to non-specific adsorption represents another potential challenge for a sensor to be 

used in complex biological environments. We next passivated the AGMs with pyrene-PEG5-

alcohol, a gold-standard surface passivation molecule, of which the pyrene molecule is attached to 

the graphene surface, and the PEG5-alcohol is surrounded by water molecules to serve as the 
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hydration layer to preclude the attachment of lipophilic molecules such as proteins, enzymes, and 

antibodies44-46. We then investigated the longevity of the sensors in protein-rich artificial 

cerebrospinal fluid (aCSF with 5 mg/mL bovine serum albumin, BSA, to mimic a protein-rich 

bodily fluid47), rat cerebrospinal fluid (CSF), and undiluted rat whole blood samples at 37 ºC. More 

specifically, the sensor surface was first functionalized with the dopamine aptamers, followed by 

the functionalization with pyrene-PEG5-alcohol, as shown in Fig. 3a. To study the longevity of 

the sensors in protein-rich biological environments, we incubated the sensors in aCSF with 5 

mg/mL BSA for one week (Fig. 3b and Supplementary Figs. 2a-d). As expected, we observed a 

reduction of response when the sensors without a pyrene-PEG5-alcohol passivation were exposed 

to a high concentration of 10 µM dopamine solution, which is attributed to the reduction of 

available aptamers caused by non-specific adsorption of BSA. In contrast, the sensor coated with 

pyrene-PEG5-alcohol maintains the original performance towards physiologically relevant 

dopamine solutions (1 nM, 100 nM, and 10 µM) over one week, indicating that pyrene-PEG5-

alcohol can be used as an effective passivation layer to reduce protein adsorption in protein-rich 

aCSF for one week. The effective surface passivation using pyrene-PEG5-alcohol is further 

supported by incubating the sensors with and without the passivation in rat CSF at 37 ºC for one 

week (Fig. 3c, Supplementary Figs. 2e-h). The pyrene-PEG5-alcohol molecules form a stable 

hydration layer on the graphene surface44, 48, resulting in the reduction of non-specific adsorption 

and sensor performance degradation. Encouraged by the performance of the AGMs with pyrene-

PEG5-alcohol in protein-rich aCSF (with 5 mg/mL BSA) and rat CSF, we finally investigated their 

long-term stability in a more challenging undiluted rat whole blood sample (BioIVT). As expected, 

the sensors showed a significant response reduction as soon as 10 hours after incubating in 

undiluted rat whole blood samples, though the pyrene-PEG5-alcohol protected AGMs showed 
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higher responses than those without the pyrene-PEG5-alcohol coating (Fig. 3d and 

Supplementary Figs. 2i-l). These results indicate that pyrene-PEG5-alcohol enables sustained 

operation in protein-rich aCSF and rat CSF but is not effective in minimizing performance 

degradation in undiluted whole blood samples. 

DNase inhibitor-doped polyacrylamide hydrogel coatings enable long-term operation in 

undiluted whole blood  

Polyacrylamide hydrogels based on a 50:50 copolymer of hydroxyethylacrylamide and 

diethylacrylamide have been demonstrated to have excellent anti-biofouling property39. Inspired 

by this study, the pyrene-PEG5-alcohol passivated AGMs were further coated with a thin 

polyacrylamide hydrogel layer (Fig. 3e). The AGM with polyacrylamide hydrogel coating 

maintains the functionality for a few hours in undiluted rat whole blood samples. However, the 

overall sensor response showed ~ 50% decrease after incubating in undiluted rat blood samples 

for one day (Figs. 3f and g, Supplementary Fig. 3). The sensors completely lost functionality and 

responses after three days. We hypothesized that endogenous nucleases found in undiluted whole 

blood samples could cause the degradation of aptamers, resulting in the loss of sensor performance.  

To test our hypothesis, a DNase inhibitor, rutin49, was doped into the polyacrylamide hydrogel 

layer, resulting in a final rutin concentration of 150 μM. The pyrene-PEG5-alcohol passivated 

AGM was then coated with DNase inhibitors-doped polyacrylamide hydrogel (Fig. 3h). The 

transfer curves of AGMs with pyrene-PEG5-alcohol and rutin-doped polyacrylamide hydrogel 

were monitored when the sensors were exposed to dopamine solutions with different 

concentrations (Supplementary Fig. 4). The sensor showed dopamine concentration-dependent 

responses in undiluted whole blood for about two weeks (Fig. 3i). Fig. 3j shows that the sensors 

maintained 50% of the original signal after incubating in undiluted blood samples at 37 ºC for 11 
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days, which is 11 times longer than that of the sensors without the addition of rutin. In addition, 

the incubation of AGMs with surface coating in undiluted whole blood for two weeks showed 

minimal influence on the transconductance for both hydrogel-coated AGMs and rutin-doped 

hydrogel-coated AGMs (Supplementary Fig. 5), in which over 95% and 90% of the original 

transconductance were obtained for DNase-doped hydrogel-coated AGMs and hydrogel-coated 

AGMs, respectively.  

We then wonder whether the DNase inhibitor-doped polyacrylamide hydrogel coatings are 

generalizable for enabling the long-term operation of AGMs to target biomarkers beyond 

dopamine in undiluted whole blood. To this end, we selected AGM serotonin sensors as a model 

system for evaluation. Specifically, serotonin-specific aptamers were functionalized onto the 

graphene surface via the pyrene group, followed by surface passivation with the abovementioned 

pyrene-PEG5-alcohol and rutin-doped polyacrylamide hydrogel. The AGM serotonin sensors 

were then incubated in undiluted rat blood at 37 ºC for two weeks, and the sensor response to 

biologically relevant concentrations of serotonin (0.1 nM, 10 nM, and 1 μM) was assessed at day 

1, day 3, day 5, day 7, day 9, day 11, and day 14. Consistent with the results from AGM dopamine 

sensors, the serotonin sensors showed concentration-dependent responses in undiluted whole 

blood for about two weeks, maintaining 50% of the original signal after incubating in undiluted 

blood samples at 37 ºC for 11 days (Supplementary Fig. 6). Collectively, these findings indicate 

the generalizability of the DNase inhibitors-doped polyacrylamide hydrogel coatings for use in 

aptamer-based biosensors.   

Biocompatibility of DNase inhibitor-doped polyacrylamide hydrogel coatings  

Next, we tested the biocompatibility of the enhanced-longevity surface coatings, as this is 

crucial for their eventual in vivo operation. We investigated the biocompatibility of DNase 
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inhibitor-doped polyacrylamide hydrogel coatings by coculturing them with forebrain organoids. 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which indicates metabolic 

activity, is used to evaluate cellular activities after coculturing with the AGMs with the surface 

coatings. MTT absorbance shows that cell metabolic activities over 1, 4, 8, 12, and 16 days for 

AGMs and AGMs with surface coatings are comparable to those of the cell-only group (Fig. 4a). 

With increasing culture time, rutin-doped hydrogel-coated AGMs demonstrated no significant 

decrease in absorbance when compared to the cell-only group. These results establish the 

biocompatibility of DNase inhibitor-doped polyacrylamide hydrogel coatings.  

In vivo immunohistochemistry 

To further evaluate the biocompatibility of the AGMs coated with DNase inhibitor-doped 

polyacrylamide hydrogel, we investigated inflammatory responses via measuring device-induced 

gliosis, a reactive response to brain injury, within the deep brain AGM sensor implants. The 

sensors were implanted into the NAcSh of mice, and the glial immune response after 1 and 6 weeks 

of sensor implantation surgery was evaluated by immunohistochemical staining for DAPI (blue), 

astrocytes (GFAP, red), and activated microglia (Iba1, green) (Fig. 4b). Under consistent imaging 

settings, the post-implantation fluorescence intensity indicates a significant decrease in the 

immune response over the 6-week recovery period (Figs. 4c-h). Moreover, the immune response 

and tissue lesion area induced by our sensors were equivalent to those induced by other advanced 

thin-film deep brainimplants50-52. 

Effect of sensor implantation on natural locomotor behavior 

We next examined the effects of polyacrylamide hydrogel-coated AGM probe implantation on 

the basal anxiety state and locomotor activity of mice to determine if the implant scheme would 
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cause any aberrant behavioral effects. We implanted the probe into the NAcSh of mice (a dopamine 

rich brain region)53 and monitored their activity in an open field test 1 day prior to implantation 

and 1, 3, and 7 days after implantation, by recording locomotor activity and velocity. The heatmaps 

for animal movement revealed comparable levels of locomotor activity between the day prior to 

implantation and seven days after implantation (Fig. 4i). Moreover, no significant differences were 

found over time when comparing preimplantation (1 day) and post-implantation (7 days) in both 

distance traveled and average velocity (Figs. 4j and k). In addition, mouse body weight and 

temperature across this time window remained stable (Supplementary Fig. 7). Overall, these 

results establish that the sensor implantation does not have significant effects on basal anxiety and 

locomotor activity in the mice over the prolonged duration of the implantation period.  

Long-term monitoring of optically evoked dopamine release in vivo over one week 

Encouraged by the long-term operational characteristics from the AGMs coated with DNase 

inhibitor-doped polyacrylamide hydrogel in vitro, we next evaluated the capability for long-term 

monitoring in vivo using a mouse model. Cre-recombinase-dependent viral vectors containing the 

light-sensitive cation channel channelrhodopsin-2 (ChR2) were unilaterally injected into the 

ventral tegmental area (VTA) of DAT-cre mice, with a fiber optic ferrule implanted above the 

VTA and the AGM probe with surface coating implanted into the NAcSh (Figs. 5a and b). We 

then delivered photostimulation to the VTA (20 Hz, 5 ms pulse width), a well-established 

parameter for inducing phasic dopamine release54-56, while monitoring the resulting dopamine 

release in the NAcSh using the AGM by performing continuous transfer curve scanning. As shown 

in Fig. 5c, the transfer curves first shift to the rightward during photostimulation and then shift 

back to the left after stimulation ends. Accordingly, the sensor response shows a rapid increase 

during stimulation and a slow decrease following the end of stimulation (Fig. 5d). We then 
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investigated the long-term monitoring of optically evoked dopamine release over 10 days (Fig. 5e 

and Supplementary Fig. 8). The AGMs with surface coatings successfully captured the 

optogenetically evoked dopamine release from day 1 through day 7. The peak response gradually 

decreased over subsequent days, and no clear response peak was obtained on day 10. In contrast, 

the sensors coated with pyrene-PEG5-alcohol and polyacrylamide hydrogel (no rutin) showed an 

in vivo operation lifetime of 2-3 days (Supplementary Fig. 9), further highlighting the importance 

of rutin doping to prevent in vivo sensor performance degradation from endogenous nucleases. Fig. 

5f shows the sensor response before and during photostimulation, in which only the optically 

evoked dopamine release caused a robust and significant response.  

To further determine whether the sensor response is due to the interaction between the 

optically-induced dopamine release and the aptamer monolayer on the sensor surface, we designed 

an implantable neural probe that contains both AGM channel and graphene microtransistor only 

channel (Fig. 5g). The probe was then passivated with pyrene-PEG5-alcohol and coated with rutin-

doped polyacrylamide hydrogel. The probe with these two channels was implanted into the NAcSh 

of DAT-cre mice to monitor optically evoked dopamine release. More specifically, when the light 

was delivered through VTA terminal stimulation (20 Hz, 5 ms pulse width), the two channels on 

the implanted probe were monitored simultaneously. Fig. 5h shows a rapid increase in the sensor 

response for the AGM channel, while the graphene microtransistor channel (without aptamer 

functionalization) shows no clear response, indicating that the sensor response is attributed to the 

interaction between the surface functionalized aptamers and released dopamine molecules (Fig. 

5i). Similarly, the AGM channel exhibits clear responses to dopamine release over one week 

whereas the graphene microtransistor channel shows a negligible response (Supplementary Fig. 

10). We reason that the hydrogel coating could eliminate the influence from the 
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electrophysiological signal through the gate electrode. Moreover, the dopamine release signal was 

recorded every 3 s, whereas the temporal resolution of the electrophysiological signal is in the 

range of milliseconds. These studies further support that the obtained transfer curve shift is indeed 

due to the dopamine release induced by photostimulation. There is negligible effect of the 

photostimulation on sensor response in control mice that were injected with a control ChR2-absent 

vector, AAV5-EF1a-DIO-eYFP, in VTA (Supplementary Fig. 11), indicating that the sensor 

response was generated by optically-evoked dopamine release in the NAcSh rather than 

photoartifact of the photostimulation. Overall, these results indicate that DNase inhibitor-doped 

hydrogel coatings can effectively extend the lifetime of AGMs to over one week for in vivo 

monitoring of neurotransmitter release. 

To compare the AGM biosensor with other emerging biosensors, genetically encoded 

fluorescent indicators, we injected Cre-recombinase-dependent viral vectors containing the light-

sensitive cation channel ChrimsonR into the VTA of DAT-cre mice, along with genetically 

encoded fluorescent dopamine indicator dLight56 and a fiber photometry implant into the NAcSh 

(Fig. 5j). We then delivered photostimulation (20 Hz, 5 ms pulse width) above the NAcSh. A 

significant peak response was obtained from stimulation followed by a decay in signal post- 

stimulation, similar to the response of the AGMs (Figs. 5k and l). These results indicate that the 

hardware-based AGMs demonstrate comparable performance for dopamine release detection to 

comparable and existing sensing technology. The genetically encoded fluorescent indicator offers 

a high-resolution benchmark for our AGMs. This technology, however, has limited translational 

potential due to complicated genetic modifications. 

In vivo dopamine monitoring and longevity for AGMs in freely moving behaviors 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

We next measured the capability of AGMs to record in vivo endogenous dopamine release 

induced through behaviors such as righting reflex and sucrose reward consumption. RORR is an 

established behavioral means to assess behavioral responsiveness in rodents, and it has been 

reported that NAcSh dopamine increases during this process57. RORR is assessed as the time for 

rodent take to return to a prone position following anesthesia. We used this method to establish 

the ability of our device with surface coating to monitor endogenous dopamine dynamics. As 

shown in Figs. 6a and b, the RORR process is demonstrated on a mouse following AGM 

implantation into the VTA. Eight days following implantation, transfer curves were continuously 

monitored at the time of righting, and a rapid increase in sensor response was obtained by the 

AGMs compared to baseline measurements of the transfer curves (Fig. 6c). We then calculated 

the overall response before and during RORR and found a significant difference between the 

baseline and when the mice demonstrate RORR, suggesting the dopamine release in the NAcSh 

during this process (Fig. 6d). 

We also tested the capabilities of AGMs with sucrose reward consumption, which is well-

established to evoke robust dopamine release within the NAcSh58-60. After 8 days of sensor 

implantation in the NAcSh, mice were placed into a chamber with free access to sucrose pellets 

while continuous dopamine recording was collected (Figs. 6e and f). An increase in dopamine 

signal response was observed when the mice began consuming sucrose pellets, and the signal 

gradually returned to baseline when the mice stop feeding (Figs. 6g and h). When comparing 

baseline measurements to the peak response during sucrose reward consumption, a significant 

difference was observed, establishing detection of behaviorally-evoked endogenous dopamine 

release by our AGM-coating strategy. Comparable dopamine release was also detected by the 

dLight biosensor in a series of side-by-side experiments, further establishing that the AGMs can 
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be reliably used to monitor dopamine in vivo in freely moving animals (Figs. 6i-l). These 

successful sub-chronic monitoring of behaviorally-induced in vivo dopamine release further 

highlights the feasibility of surface-coated AGMs for widespread use in behavioral studies and 

neural circuit dissection over long time frames and in more complex scenarios. 

Discussion  

Aptamer-based electrochemical biosensors are emerging high-performance sensing platforms 

for real-time molecular monitoring in undiluted whole blood samples and complex in vivo 

biological environments. Yet, the longevity of these sensors has been a significant challenge. To 

date, the in vivo operation of existing aptamer-based electrochemical biosensors is limited to a few 

hours (12 hours at most), which greatly hampers applications in which one to several weeks-long 

operation is needed, like therapeutic drug monitoring, neurochemical monitoring, and protein 

detection for immunoengineering. Here, we demonstrate significant progress in solving this long-

standing challenge by developing a first-generation long-term, real-time molecular monitoring 

platform, AGMs, in undiluted whole blood samples and complex in vivo environments. The long-

term operation is achieved by a combined effect of: 1) pyrene-PEG5-alcohol passivation and 2) 

DNase inhibitor-doped polyacrylamide hydrogel coatings. MTT analysis of forebrain organoids 

cocultured with these coatings and in vivo immunohistochemistry study indicate their 

biocompatibility for use in in vivo real-time molecular monitoring. The reported sensors allow for 

long-term (over one week) monitoring of optically evoked dopamine release in vivo using mice 

models. In addition, the monitoring of animal behavior (RORR and sucrose reward consumption) 

induced dopamine release by the AGMs is successfully demonstrated. Compared with the hour-

long operation of existing aptamer-based biosensors in in vivo studies, this multi-day (over one 
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week) operation significantly extends the in vivo operation lifetime and marks a new benchmark 

for aptamer-based biosensors in complex in vivo environments. 

In addition to the significantly improved in vivo operational lifetime, the AGMs simultaneously 

transduce the interaction between aptamers and targets of interest and amplify the resulting signals, 

which makes it possible for the miniaturization of sensor size down to micrometer scale (50 μm × 

50 μm of each sensor) without sacrificing the signal-to-noise ratio. In contrast, when the electrode 

size of aptamer-electrochemical biosensors is miniaturized down to such micrometer scale without 

incorporating porous structures, the magnitude of the resulting current would be as low as nA. The 

reported minimum current range for the state-of-the-art miniaturized potentiostat module (EmStat 

Pico) is 100 nA. Therefore, the accurate detection of such low currents often requires sophisticated 

and bulky electrochemical data acquisition systems, which adds additional challenges to 

customized circuit design for developing sensors for real-time molecular monitoring in a wearable 

platform like CGM.  

A recent study systematically assessed the degradation mechanisms of self-assembled 

monolayer of aptamer-electrochemical biosensors and expected one week-long operation in 

bovine serum at 37 ºC61, yet our study pushes these limits in several ways: (1) only 3 days of 

operation in bovine serum at 37 ºC is experimentally demonstrated in this recent study. In contrast, 

we reported the longer operation of our AGMs in more complex undiluted whole blood samples 

(over 11 days) instead of simple serums. (2) we demonstrated the multi-day time scale (over one 

week) operation of our AGMs in vivo.  

Overall, the surface-coated AGMs extend the in vivo operation lifetime of aptamer-based 

biosensors from a few hours to week-long time scales, which opens the avenue for long-term 

molecular sensing in complex biological environments in several settings. These include 
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behavioral neural circuit analysis, disease modeling, therapeutic drug monitoring, immune 

monitoring, and chronic disease management. Future work includes further extending the lifetime 

of AGMs to even longer time scales (like CGM) by optimizing formulations of surface coatings, 

developing platforms for multiplexed monitoring of neurotransmitters, alongside neuropeptides, 

in freely moving animals, and developing a feedback-controlled system for molecular monitoring 

and on-demand medical interventions. The technology we present here represents a first-

generation long-term aptamer-based biosensor for in vivo molecular monitoring and serves as a 

unique template for the design of future iterations with added functionality, longevity, and 

operational modes. 

Methods 

Materials 

Chemical vapor deposition graphene sample was purchased from Graphenea. Dopamine, 

tetrabutylammonium hexafluorophosphate, p-phenylenediamine, N-ethyl-N ′ -(3-

(dimethylamino)propyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), pyrene-PEG5-

alcohol, N,N-diethylacrylamide, N-hydroxyethyl acrylamide, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), N,N-methylenebis(acrylamide), and bovine serum albumin 

(BSA) were purchased from Sigma Aldrich and used as received. Artificial cerebrospinal fluid 

(aCSF) was purchased from EcocyteShop and used following the instructions. Rat CSF and 

EDTA-treated rat whole blood were obtained from BioIVT. The customized dopamine and 

serotonin aptamers were purchased from Integrated DNA Technologies. Polyimide film 

(DuPont™ Kapton®) was purchased from American Durafilm Co., Inc. Liquid polyimide (PI2545) 

was purchased from HD MicroSystems™. 
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Fabrication of graphene microtransistor devices  

Graphene microtransistor devices were prepared using the photolithography method, as described 

previously35, 36, 38. Briefly, polyimide film (76 μm thick) was laminated on a glass slide with a 

Polydimethylsiloxane (PDMS) adhesion layer. The liquid PI2545 was spin-coated onto the 

polyimide film and cured in a vacuum oven to form an additional clean and uniform polyimide 

layer (5 μm thick).  The source, drain, and onboard gate terminals were formed by directly writing 

on the surface of the polyimide substrate coated with AZ 5214 using a maskless aligner (μMLA, 

Heidelberg Instruments), followed by the metal deposition (15 nm Cr/90 nm Au) and lift-off 

processes. Another UV exposure, metal deposition, and lift-off were performed to define the Ag-

based gate terminal. Finally, a small droplet of diluted bleach solution (sodium hypochlorite, 5 μL) 

was added to the Ag electrode surface, resulting in Ag/AgCl gate electrode. Chemical vapor 

deposition graphene on copper was then transferred and patterned to bridge the source and drain 

electrodes. SU-8 (800 nm thick) was used to encapsulate the electrodes to prevent possible leakage 

during the test, resulting in an active sensing area of graphene being 50 µm × 50 µm. 

Aptamer functionalization using the covalent method 

The amino group was grafted onto the graphene surface based on the electrochemical grafting 

method36. Here, NaNO2 solution (10 mL, 4 mM) was first added into HCl solution (1 M) 

containing 10 mM phenylenediamine (PPD). After nitrogen degassing for 5 min, diazonium salt 

(ClN2
+-Ph-NH2) was formed by putting the resulting solution in an ice-water bath for 10 min. To 

graft the amino group onto graphene surface, five cycles of cyclic voltammetry (CV) scans were 

performed. The scan rate was 100 mV/s and the potential window was set from-0.6 to 0.5 V. After 

that, the graphene microtransistors were sequentially rinsed with acetonitrile and ultrapure DI 

water. The obtained amino group grafted graphene microtransistors were then incubated with 6 
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mM EDC (N-ethyl-N ′ -(3-(dimethylamino)propyl)carbodiimide), 3 mM NHS (N-

hydroxysuccinimide), and 3 μM carboxyl group-modified dopamine aptamer (5′/COOH/CGA 

CGC CAG TTT GAA GGT TCG TTC GCA GGT GTG GAG TGA CGT CG) in 1× PBS buffer 

at room temperature for 2 h, followed by washing with aCSF buffer and blowing dry with N2 gas.   

Aptamer functionalization using the non-covalent method 

A pyrene molecule was added to the dopamine aptamer during the synthesis process by Integrated 

DNA Technologies (IDT). The as-received pyrene-tagged dopamine aptamer (5’/pyrene/CGA 

CGC CAG TTT GAA GGT TCG TTC GCA GGT GTG GAG TGA CGT CG-3’) was diluted to 

its working concentration (1 µM) with aCSF solution. The dopamine aptamer solution was then 

heated under 85-95 ºC in the water bath for 5 minutes and slowly cooled down to room temperature. 

Finally, the graphene microtransistors were incubated with the prepared solution for 2 hours at 

room temperature to functionalize the graphene surface with aptamers, followed by washing with 

aCSF buffer and drying with N2 gas. For AGM serotonin sensors, a pyrene linker (1-pyrenebutyric 

acid N-hydroxysuccinimide ester, 5 mM in methanol) was added to graphene surface for 4 hours 

at room temperature, followed by the incubation with 1 µM serotonin aptamer (5’/AmC6/CGA 

CTG GTA GGC AGA TAG GGG AAG CTG ATT CGA TGC GTG GGT CG-3’) at room 

temperature for 2 hours. The obtained AGM serotonin sensors were washed with fresh aCSF buffer 

and dried with N2 gas for later use. 

Surface passivation with pyrene-PEG5-alcohol 

The pyrene-PEG5-alcohol powder was dissolved in DI water to prepare a concentration of 1 µM 

pyrene-PEG5-alcohol solution. Then the dopamine aptamer-functionalized graphene 
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microtransisotrs were incubated in the prepared solution at room temperature for 2 hours. The 

resulting AGMs with pyrene-PEG5-alcohol passivation were finally rinsed with aCSF solution. 

Preparation of polyacrylamide hydrogels 

The synthesis of polyacrylamide hydrogel started with preparing the prepolymer aqueous solution, 

which contains hydroxyethylacrylamide (monomer, 10 wt%), diethylacrylamide (monomer, 10 

wt%), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (photoinitiator, 1 wt%), and N, N ′ -

methylenebisacrylamide (crosslinker, 1 wt%). The AGMs were then immersed into the monomer 

solution for 5 s and repeated for 3 times. The prepolymer solution-coated sensors were finally 

exposed to UV light (365 nm) for 3 minutes. The AGMs with pyrene-PEG5-alcohol and 

polyacrylamide hydrogel coatings were kept in aCSF solution for later use. 

Surface coating with rutin-doped polyacrylamide hydrogels 

For sensors coated with rutin-doped polyacrylamide hydrogel, the prepolymer aqueous solution 

consists of hydroxyethylacrylamide solution (10 wt%), diethylacrylamide (10 wt%), lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (1 wt%) and N, N’-methylenebisacrylamide 

(crosslinker, 1 wt%) was mixed with rutin (150 µM). Then the sensors were coated with the 

prepared solution for 5 s and repeated for 3 times, followed by illumination with 365 nm UV light 

for 3 minutes. The resulting sensors were kept in aCSF solution for later use. 

Cell viability test 

Maintenance of human induced pluripotent stem cell (hiPSC) culture 

Human iPSK3 cells were maintained in mTeSR plus serum-free medium (StemCell Technologies, 

Inc., Vancouver, Canada) on a growth factor reduced Matrigel-coated surface (Corning 
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Incorporated, Corning, NY). Cells were passaged every 4-6 days using Accutase and seeded at a 

density of 1 × 106 cells per six-well plate in the presence of rho-associated protein kinase (ROCK) 

inhibitor Y27632 (10 μM, Sigma) for the first 24 hours.  

Forebrain organoid differentiation 

Human iPSK3 cells were seeded at a density of  3 × 105 cells per well into 24 well, ultra-low 

attachment plates (Corning Incorporated) in differentiation medium composed of Dulbecco’s 

Modified Eagle Medium/ Nutrient Mixture F-12 (DMEM/F-12) with 2% B-27 serum-free 

supplement (Life Technologies, Carlsbad, CA). Y27632 (10 μM, Sigma) was included in the 

differentiation medium for the first 24 hours. After 24 hours, the Y27632 was removed and the 

formed embryoid bodies were treated with the dual SMAD inhibitors SB431542 (10 μM, Sigma- 

Aldrich, St. Louis, MO) and LDN193189 (100 μM, Sigma) for 7 days. On day 8, cells were treated 

with 10 ng/mL fibroblast growth factor (FGF)-2 (Life Technologies) for another 7 days. After day 

15, the spheroids were cultured in DMEM/F-12 without any growth factors for 8 days. On day 23, 

spheroids were seeded onto a Matrigel-coated 96 well plate and allowed to attach for 2 days. Media 

changes were performed every 2 days.  

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay  

On day 25 of spheroid culture, AGMs with or without pyrene-PEG5-alcohol and rutin-doped 

hydrogel coatings were introduced to the culture. Cells were treated with a 0.5 mg/mL of MTT 

reagent (Sigma) after 1, 4, 8, 12, or 16 days of culture with the above-mentioned AGMs with or 

without surface passivation. The media containing MTT reagent was removed from cells. The 

formazan crystals were then washed with dimethyl sulfoxide (DMSO) and centrifuged at 800 g for 
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5 minutes. The absorbance of the supernatant was measured at 490 nm on a microplate reader 

(BioRad Laboratories, Hercules, CA). 

Animals 

Adult DAT-IRES-Cre mice were used in this study. Mice were 8-10 weeks old at the time of test, 

weighing 20-30 g each, group-housed, given access to food pellets and water ad libitum, and 

maintained on a 12:12-hour light/dark cycle (lights on at 7:00 a.m.). Animals were held in a sound 

attenuated holding room facility in the lab starting at least one week prior to surgery, as well as 

post-surgery and throughout the duration of behavioral assays to minimize stress from 

transportation and disruption from foot traffic. All experimental procedures were approved by the 

Animal Care and Use Committee of the University of Washington and conformed to NIH 

guidelines. 

Stereotaxic surgery 

All surgeries were performed under 4% isoflurane anesthesia (Piramal Healthcare, Maharashtra, 

India). For testing of AGMs, adult mice were injected unilaterally with 600 nL of either AAV5-

EF1a-DIO-ChR2-eYFP virus (WUSTL Hope Center Viral Core, St. Louis, MO) or AAV5-EF1a-

DIO-eYFP (WUSTL Hope Center Viral Core, St. Louis, MO) into the ventral tegmental area (AP: 

-3.25, ML: 0.5, DV: -4.4) using a Hamilton syringe with a blunted needle. Four to five weeks after 

virus injection, fiber optic ferrules were chronically implanted above the VTA (AP: -3.25, ML: 

1.6, DV: -4.3 at 15° angle) and dental cement (Lang Dental, Wheeling, IL) was applied to hold the 

ferrules in place. The AGM probe was then implanted in the nucleus accumbens shell (AP: 1.45, 

ML: 0.65, DV: -4.5). For fiber photometry experiments using dLight, adult mice were injected 

unilaterally with 600 nL of AAV-CAG-dLight1.3b (Lin Tian Lab, UC Davis) into the NAcSh (AP: 
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1.45, ML: 0.65, DV: -4.5) using a Hamilton syringe with a blunted needle. Four to five weeks after 

virus injection, fiber photometry ferrules were chronically implanted into the NAcSh (AP: 1.45, 

ML: 0.65, DV: -4.5). Mice were allowed to recover for at least six weeks following infusion of the 

virus prior to further behavioral testing to ensure optimal viral expression and implant placement 

location. All experimental procedures were approved by the Animal Care and Use Committee of 

University of Washington and conformed to NIH guidelines. 

Open-field test (OFT) 

OFT testing was performed in a custom-made white box (50 cm × 50 cm) within a sound-

attenuated room maintained at 23°C. The ‘center’ area was defined as a square of 50% of the total 

OFT area. A light bulb mounted above provided 45 lux illumination, measured in the center of the 

arena. Mice were handled for 5 minutes per day for a week prior to the OFT testing. On the day of 

OFT testing, mice were habituated in a holding room for 30 minutes and then they were allowed 

to explore the entire chamber freely for 25 min. Sessions were recorded via a digital camera, and 

videos were analyzed offline using Ethovision XT 8.5 (Noldus Information Technologies). The 

open field was cleaned with 70% ethanol between each trial. Ethovision XT 8.5 (Noldus 

Information Technologies) quantified the total distance and time spent in the central and peripheral 

areas. Time spent in the center of the open field was used as a measure of anxiolysis. All 

experimental procedures were approved by the Animal Care and Use Committee of the University 

of Washington and conformed to NIH guidelines. 

Optogenetics stimulation 

Following stereotaxic surgery and implantation of the AGM probe in NAc, mice were connected 

to a 473 nm diode-pumped solid-state laser (OEM Laser Systems). Laser power was adjusted to 
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obtain ~15 mW transmittance into the brain, at 20 Hz frequency with 5 ms pulse for 20 s. All 

experimental procedures were approved by the Animal Care and Use Committee of the University 

of Washington and conformed to NIH guidelines. 

Sucrose intake 

Behaviorally tested mice were food deprived (mice still had access to water) for 24 hours prior to 

testing. Then, animals were given access to ~1 g of sucrose pellets and had free access to these 

pellets for approximately 15 minutes. After testing, food-deprived animals were returned to an ad 

libitum diet. Sessions were recorded via a digital camera, and videos were analyzed offline using 

Ethovision XT 8.5 (Noldus Information Technologies). All experimental procedures were 

approved by the Animal Care and Use Committee of the University of Washington and conformed 

to NIH guidelines. 

Righting reflex 

Behaviorally tested mice were anesthetized in an induction box with 2.5% isoflurane (Piramal 

Healthcare, Maharashtra, India) for ~5 minutes.  Following this, mice were removed from 

anesthesia and placed into a recovery cage to exposure to the open air, until they exhibited righting 

reflex. After sufficient recovery time, the mice were returned to their home cage. Sessions were 

recorded via a digital camera, and videos were analyzed offline using Ethovision XT 8.5 (Noldus 

Information Technologies). All experimental procedures were approved by the Animal Care and 

Use Committee of the University of Washington and conformed to NIH guidelines. 

Brain tissue collection 

DAT-cre mice were used in harvested brain tissue experiments. Mie were anesthetized with 

sodium pentobarbital and transcardially perfused with ice-cold PBS, followed by 4% phosphate-
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buffered paraformaldehyde. Brains were removed, postfixed overnight in 4% paraformaldehyde, 

and then saturated in 30% phosphate-buffered sucrose for 2-4 days at 4°C. All experimental 

procedures were approved by the Animal Care and Use Committee of the University of 

Washington and conformed to NIH guidelines. 

Immunohistochemistry 

The AGM probe was implanted in the nucleus accumbens (AP: 1.45, ML: 0.65, DV: -4.5) for 1 

and 6 weeks. To determine the immune response to the implanted devices, we stained tissue at 

both time points for astrocytes and activated microglia. The primary antibodies used were anti-

GFAP guinea pig (SySy, 1:500 dilution) and anti-Iba1 rabbit (Abcam, 1:500 dilution), and the 

secondary antibodies used were Alexa Fluor 555 goat anti-guinea pig (Life Technologies, 1:1000 

dilution) and Alexa Fluor 488 goat anti-rabbit (Invitrogen, 1:1000 dilution). We used the same 

confocal microscope settings to determine that the immune response for astrocytes and microglia 

at the 1- week time point was greater than that at the 6-week time point. All experimental 

procedures were approved by the Animal Care and Use Committee of the University of 

Washington and conformed to NIH guidelines. 
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Statistical analysis  

Statistical analysis was performed using GraphPad Prism 10. The number of animals used for each 

experiment is reported along with the sample size (n). Data from any failed devices were excluded 

from the analysis. All experimental results are presented as means ± standard error of the mean 

(SEM). For two-group comparisons, statistical significance was evaluated using one-tailed 

Student’s t tests. Multiple-group comparisons were assessed using one-way ANOVA with Tukey’s 

multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 are 

considered statistically significant. 

References 

1. Friedel, M.;  Thompson, I. A. P.;  Kasting, G.;  Polsky, R.;  Cunningham, D.;  Soh, H. T.; 

Heikenfeld, J., Opportunities and challenges in the diagnostic utility of dermal interstitial fluid. 

Nature Biomedical Engineering 2023, 10.1038/s41551-022-00998-9. 

2. Parolo, C.;  Idili, A.;  Ortega, G.;  Csordas, A.;  Hsu, A.;  Arroyo-Curras, N.;  Yang, Q.;  

Ferguson, B. S.;  Wang, J.; Plaxco, K. W., Real-Time Monitoring of a Protein Biomarker. ACS 

Sens 2020, 5 (7), 1877-1881. 

3. Dauphin-Ducharme, P.;  Yang, K.;  Arroyo-Curras, N.;  Ploense, K. L.;  Zhang, Y.;  Gerson, 

J.;  Kurnik, M.;  Kippin, T. E.;  Stojanovic, M. N.; Plaxco, K. W., Electrochemical Aptamer-Based 

Sensors for Improved Therapeutic Drug Monitoring and High-Precision, Feedback-Controlled 

Drug Delivery. ACS Sens 2019, 4 (10), 2832-2837. 

4. Flynn, C. D.;  Chang, D.;  Mahmud, A.;  Yousefi, H.;  Das, J.;  Riordan, K. T.;  Sargent, E. 

H.; Kelley, S. O., Biomolecular sensors for advanced physiological monitoring. Nature Reviews 

Bioengineering 2023, 10.1038/s44222-023-00067-z. 

5. Sempionatto, J. R.;  Lasalde-Ramirez, J. A.;  Mahato, K.;  Wang, J.; Gao, W., Wearable 

chemical sensors for biomarker discovery in the omics era. Nat Rev Chem 2022, 6 (12), 899-915. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

6. Mian, Z.;  Hermayer, K. L.; Jenkins, A., Continuous Glucose Monitoring: Review of an 

Innovation in Diabetes Management. Am J Med Sci 2019, 358 (5), 332-339. 

7. Wu, Y.;  Tilley, R. D.; Gooding, J. J., Challenges and Solutions in Developing 

Ultrasensitive Biosensors. J Am Chem Soc 2019, 141 (3), 1162-1170. 

8. Scott, D. E.;  Bayly, A. R.;  Abell, C.; Skidmore, J., Small molecules, big targets: drug 

discovery faces the protein–protein interaction challenge. Nature Reviews Drug Discovery 2016, 

15 (8), 533-550. 

9. Cooper, M. A., Optical biosensors in drug discovery. Nat Rev Drug Discov 2002, 1 (7), 

515-528. 

10. Tao, Y.;  Chen, L.;  Pan, M.;  Zhu, F.; Zhu, D., Tailored Biosensors for Drug Screening, 

Efficacy Assessment, and Toxicity Evaluation. ACS Sens 2021, 6 (9), 3146-3162. 

11. Kim, J.;  Campbell, A. S.;  de Avila, B. E.; Wang, J., Wearable biosensors for healthcare 

monitoring. Nat Biotechnol 2019, 37 (4), 389-406. 

12. Beltrán, J.;  Steiner, P. J.;  Bedewitz, M.;  Wei, S.;  Peterson, F. C.;  Li, Z.;  Hughes, B. E.;  

Hartley, Z.;  Robertson, N. R.;  Medina-Cucurella, A. V.;  Baumer, Z. T.;  Leonard, A. C.;  Park, 

S.-Y.;  Volkman, B. F.;  Nusinow, D. A.;  Zhong, W.;  Wheeldon, I.;  Cutler, S. R.; Whitehead, T. 

A., Rapid biosensor development using plant hormone receptors as reprogrammable scaffolds. Nat 

Biotechnol 2022, 40 (12), 1855-1861. 

13. Parlak, O.;  Keene, S. T.;  Marais, A.;  Curto, V. F.; Salleo, A., Molecularly selective 

nanoporous membrane-based wearable organic electrochemical device for noninvasive cortisol 

sensing. Sci Adv 2018, 4 (7), eaar2904. 

14. Downs, A. M.; Plaxco, K. W., Real-Time, In vivo Molecular Monitoring Using 

Electrochemical Aptamer Based Sensors: Opportunities and Challenges. ACS Sens 2022, 7 (10), 

2823-2832. 

15. Baker, B. R.;  Lai, R. Y.;  Wood, M. S.;  Doctor, E. H.;  Heeger, A. J.; Plaxco, K. W., An 

electronic, aptamer-based small-molecule sensor for the rapid, label-free detection of cocaine in 

adulterated samples and biological fluids. J Am Chem Soc 2006, 128 (10), 3138-3139. 

16. Arroyo-Curras, N.;  Somerson, J.;  Vieira, P. A.;  Ploense, K. L.;  Kippin, T. E.; Plaxco, K. 

W., Real-time measurement of small molecules directly in awake, ambulatory animals. Proc Natl 

Acad Sci U S A 2017, 114 (4), 645-650. 

17. Ferguson, B. S.;  Hoggarth, D. A.;  Maliniak, D.;  Ploense, K.;  White, R. J.;  Woodward, 

N.;  Hsieh, K.;  Bonham, A. J.;  Eisenstein, M.; Kippin, T. E., Real-time, aptamer-based tracking 

of circulating therapeutic agents in living animals. Sci Transl Med 2013, 5 (213), 213ra165. 

18. Wu, Y.;  Tehrani, F.;  Teymourian, H.;  Mack, J.;  Shaver, A.;  Reynoso, M.;  Kavner, J.;  

Huang, N.;  Furmidge, A.;  Duvvuri, A.;  Nie, Y.;  Laffel, L. M.;  Doyle, F. J., 3rd;  Patti, M. E.;  

Dassau, E.;  Wang, J.; Arroyo-Curras, N., Microneedle Aptamer-Based Sensors for Continuous, 

Real-Time Therapeutic Drug Monitoring. Anal Chem 2022, 94 (23), 8335-8345. 

19. Dauphin-Ducharme, P.;  Churcher, Z. R.;  Shoara, A. A.;  Rahbarimehr, E.;  Slavkovic, S.;  

Fontaine, N.;  Boisvert, O.; Johnson, P. E., Redox Reporter - Ligand Competition to Support 

Signaling in the Cocaine-Binding Electrochemical Aptamer-Based Biosensor. Chemistry 2023, 29 

(35), e202300618. 

20. White, R. J.;  Phares, N.;  Lubin, A. A.;  Xiao, Y.; Plaxco, K. W., Optimization of 

electrochemical aptamer-based sensors via optimization of probe packing density and surface 

chemistry. Langmuir 2008, 24 (18), 10513-10518. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

21. Li, H.;  Arroyo-Curras, N.;  Kang, D.;  Ricci, F.; Plaxco, K. W., Dual-Reporter Drift 

Correction To Enhance the Performance of Electrochemical Aptamer-Based Sensors in Whole 

Blood. J Am Chem Soc 2016, 138 (49), 15809-15812. 

22. Gupta, V.; Dick, J. E., Real-Time Intracellular Analysis of Kanamycin Using 

Microaptasensors. ACS Sens 2023, 8 (3), 1143-1150. 

23. Chien, J. C.;  Baker, S. W.;  Soh, H. T.; Arbabian, A., Design and Analysis of a Sample-

and-Hold CMOS Electrochemical Sensor for Aptamer-based Therapeutic Drug Monitoring. IEEE 

J Solid-State Circuits 2020, 55 (11), 2914-2929. 

24. Mage, P.;  Ferguson, B.;  Maliniak, D.;  Ploense, K.;  Kippin, T.; Soh, H., Closed-loop 

control of circulating drug levels in live animals. Nature Biomedical Engineering 2017, 1 (5), 0070. 

25. Idili, A.;  Gerson, J.;  Kippin, T.; Plaxco, K. W., Seconds-Resolved, In Situ Measurements 

of Plasma Phenylalanine Disposition Kinetics in Living Rats. Anal Chem 2021, 93 (8), 4023-4032. 

26. Li, H.;  Li, S.;  Dai, J.;  Li, C.;  Zhu, M.;  Li, H.;  Lou, X.;  Xia, F.; Plaxco, K. W., High 

frequency, calibration-free molecular measurements in situ in the living body. Chem Sci 2019, 10 

(47), 10843-10848. 

27. Downs, A. M.;  Gerson, J.;  Hossain, M. N.;  Ploense, K.;  Pham, M.;  Kraatz, H. B.;  Kippin, 

T.; Plaxco, K. W., Nanoporous Gold for the Miniaturization of In vivo Electrochemical Aptamer-

Based Sensors. ACS Sens 2021, 6 (6), 2299-2306. 

28. Shaver, A.; Arroyo-Curras, N., The challenge of long-term stability for nucleic acid-based 

electrochemical sensors. Curr Opin Electrochem 2022, 32, 100902. 

29. Bidinger, S. L.;  Keene, S. T.;  Han, S.;  Plaxco, K. W.;  Malliaras, G. G.; Hasan, T., Pulsed 

transistor operation enables miniaturization of electrochemical aptamer-based sensors. Sci Adv 

2022, 8 (46), eadd4111. 

30. Fu, W.;  Jiang, L.;  van Geest, E. P.;  Lima, L. M.; Schneider, G. F., Sensing at the surface 

of graphene field‐effect transistors. Advanced Materials 2017, 29 (6), 1603610. 

31. Tran, T.-T.; Mulchandani, A., Carbon nanotubes and graphene nano field-effect transistor-

based biosensors. TrAC Trends in Analytical Chemistry 2016, 79, 222-232. 

32. Reiner-Rozman, C.;  Larisika, M.;  Nowak, C.; Knoll, W., Graphene-based liquid-gated 

field effect transistor for biosensing: Theory and experiments. Biosens Bioelectron 2015, 70, 21-

27. 

33. Wang, G. Y.;  Lian, K.; Chu, T.-Y., Electrolyte-gated field effect transistors in biological 

sensing: A survey of electrolytes. IEEE Journal of the Electron Devices Society 2021, 9, 939-950. 

34. Torricelli, F.;  Adrahtas, D. Z.;  Bao, Z.;  Berggren, M.;  Biscarini, F.;  Bonfiglio, A.;  

Bortolotti, C. A.;  Frisbie, C. D.;  Macchia, E.;  Malliaras, G. G.;  McCulloch, I.;  Moser, M.;  

Nguyen, T.-Q.;  Owens, R. M.;  Salleo, A.;  Spanu, A.; Torsi, L., Electrolyte-gated transistors for 

enhanced performance bioelectronics. Nature Reviews Methods Primers 2021, 1 (1), 66. 

35. Wu, G.;  Zhang, N.;  Matarasso, A.;  Heck, I.;  Li, H.;  Lu, W.;  Phaup, J. G.;  Schneider, 

M. J.;  Wu, Y.;  Weng, Z.;  Sun, H.;  Gao, Z.;  Zhang, X.;  Sandberg, S. G.;  Parvin, D.;  Seaholm, 

E.;  Islam, S. K.;  Wang, X.;  Phillips, P. E. M.;  Castro, D. C.;  Ding, S.;  Li, D. P.;  Bruchas, M. 

R.; Zhang, Y., Implantable Aptamer-Graphene Microtransistors for Real-Time Monitoring of 

Neurochemical Release in vivo. Nano Lett 2022, 22 (9), 3668-3677. 

36. Gao, Z.;  Wu, G.;  Song, Y.;  Li, H.;  Zhang, Y.;  Schneider, M. J.;  Qiang, Y.;  Kaszas, J.;  

Weng, Z.;  Sun, H.;  Huey, B. D.;  Lai, R. Y.; Zhang, Y., Multiplexed Monitoring of 

Neurochemicals via Electrografting-Enabled Site-Selective Functionalization of Aptamers on 

Field-Effect Transistors. Anal Chem 2022, 94 (24), 8605-8617. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

 

37. Zhao, C.;  Cheung, K. M.;  Huang, I. W.;  Yang, H.;  Nakatsuka, N.;  Liu, W.;  Cao, Y.;  

Man, T.;  Weiss, P. S.;  Monbouquette, H. G.; Andrews, A. M., Implantable aptamer-field-effect 

transistor neuroprobes for in vivo neurotransmitter monitoring. Sci Adv 2021, 7 (48), eabj7422. 

38. Wu, G.;  Dai, Z.;  Tang, X.;  Lin, Z.;  Lo, P. K.;  Meyyappan, M.; Lai, K. W. C., Graphene 

Field-Effect Transistors for the Sensitive and Selective Detection of Escherichia coli Using 

Pyrene-Tagged DNA Aptamer. Adv Healthc Mater 2017, 6 (19), 1700736. 

39. Chan, D.;  Chien, J. C.;  Axpe, E.;  Blankemeier, L.;  Baker, S. W.;  Swaminathan, S.;  

Piunova, V. A.;  Zubarev, D. Y.;  Maikawa, C. L.;  Grosskopf, A. K.;  Mann, J. L.;  Soh, H. T.; 

Appel, E. A., Combinatorial Polyacrylamide Hydrogels for Preventing Biofouling on Implantable 

Biosensors. Adv Mater 2022, 34 (24), e2109764. 

40. Robbins, E. M.;  Castagnola, E.; Cui, X. T., Accurate and stable chronic in vivo 

voltammetry enabled by a replaceable subcutaneous reference electrode. iScience 2022, 25 (8), 

104845. 

41. Clark, J. J.;  Sandberg, S. G.;  Wanat, M. J.;  Gan, J. O.;  Horne, E. A.;  Hart, A. S.;  Akers, 

C. A.;  Parker, J. G.;  Willuhn, I.;  Martinez, V.;  Evans, S. B.;  Stella, N.; Phillips, P. E., Chronic 

microsensors for longitudinal, subsecond dopamine detection in behaving animals. Nat Methods 

2010, 7 (2), 126-129. 

42. Li, J.;  Liu, Y.;  Yuan, L.;  Zhang, B.;  Bishop, E. S.;  Wang, K.;  Tang, J.;  Zheng, Y. Q.;  

Xu, W.;  Niu, S.;  Beker, L.;  Li, T. L.;  Chen, G.;  Diyaolu, M.;  Thomas, A. L.;  Mottini, V.;  Tok, 

J. B.;  Dunn, J. C. Y.;  Cui, B.;  Pasca, S. P.;  Cui, Y.;  Habtezion, A.;  Chen, X.; Bao, Z., A tissue-

like neurotransmitter sensor for the brain and gut. Nature 2022, 606 (7912), 94-101. 

43. Liu, Y.;  Yuan, L.;  Yang, M.;  Zheng, Y.;  Li, L.;  Gao, L.;  Nerngchamnong, N.;  Nai, C. 

T.;  Sangeeth, C. S.;  Feng, Y. P.;  Nijhuis, C. A.; Loh, K. P., Giant enhancement in vertical 

conductivity of stacked CVD graphene sheets by self-assembled molecular layers. Nat Commun 

2014, 5, 5461. 

44. Riquelme, M. V.;  Zhao, H.;  Srinivasaraghavan, V.;  Pruden, A.;  Vikesland, P.; Agah, M., 

Optimizing blocking of nonspecific bacterial attachment to impedimetric biosensors. Sensing and 

bio-sensing research 2016, 8, 47-54. 

45. Cerruti, M.;  Fissolo, S.;  Carraro, C.;  Ricciardi, C.;  Majumdar, A.; Maboudian, R., 

Poly(ethylene glycol) monolayer formation and stability on gold and silicon nitride substrates. 

Langmuir 2008, 24 (19), 10646-10653. 

46. Heuberger, M.;  Drobek, T.; Spencer, N. D., Interaction forces and morphology of a 

protein-resistant poly (ethylene glycol) layer. Biophysical journal 2005, 88 (1), 495-504. 

47. Zhao, F.;  Liu, Y.;  Dong, H.;  Feng, S.;  Shi, G.;  Lin, L.; Tian, Y., An 

Electrochemophysiological Microarray for Real-Time Monitoring and Quantification of Multiple 

Ions in the Brain of a Freely Moving Rat. Angew Chem Int Ed Engl 2020, 59 (26), 10426-10430. 

48. Hajian, R.;  Balderston, S.;  Tran, T.;  deBoer, T.;  Etienne, J.;  Sandhu, M.;  Wauford, N. 

A.;  Chung, J. Y.;  Nokes, J.;  Athaiya, M.;  Paredes, J.;  Peytavi, R.;  Goldsmith, B.;  Murthy, N.;  

Conboy, I. M.; Aran, K., Detection of unamplified target genes via CRISPR-Cas9 immobilized on 

a graphene field-effect transistor. Nat Biomed Eng 2019, 3 (6), 427-437. 

49. Kolarevic, A.;  Pavlovic, A.;  Djordjevic, A.;  Lazarevic, J.;  Savic, S.;  Kocic, G.;  Anderluh, 

M.; Smelcerovic, A., Rutin as deoxyribonuclease I inhibitor. Chemistry & Biodiversity 2019, 16 

(5), e1900069. 

50. Lu, L.;  Gutruf, P.;  Xia, L.;  Bhatti, D. L.;  Wang, X.;  Vazquez-Guardado, A.;  Ning, X.;  

Shen, X.;  Sang, T.;  Ma, R.;  Pakeltis, G.;  Sobczak, G.;  Zhang, H.;  Seo, D. O.;  Xue, M.;  Yin, 

L.;  Chanda, D.;  Sheng, X.;  Bruchas, M. R.; Rogers, J. A., Wireless optoelectronic photometers 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 

 

for monitoring neuronal dynamics in the deep brain. Proc Natl Acad Sci U S A 2018, 115 (7), 

E1374-E1383. 

51. Zhang, H.;  Gutruf, P.;  Meacham, K.;  Montana, M. C.;  Zhao, X.;  Chiarelli, A. M.;  

Vázquez-Guardado, A.;  Norris, A.;  Lu, L.; Guo, Q., Wireless, battery-free optoelectronic systems 

as subdermal implants for local tissue oximetry. Sci Adv 2019, 5 (3), eaaw0873. 

52. Jeong, J. W.;  McCall, J. G.;  Shin, G.;  Zhang, Y.;  Al-Hasani, R.;  Kim, M.;  Li, S.;  Sim, 

J. Y.;  Jang, K. I.;  Shi, Y.;  Hong, D. Y.;  Liu, Y.;  Schmitz, G. P.;  Xia, L.;  He, Z.;  Gamble, P.;  

Ray, W. Z.;  Huang, Y.;  Bruchas, M. R.; Rogers, J. A., Wireless Optofluidic Systems for 

Programmable In vivo Pharmacology and Optogenetics. Cell 2015, 162 (3), 662-674. 

53. Phillips, P. E.;  Stuber, G. D.;  Heien, M. L.;  Wightman, R. M.; Carelli, R. M., Subsecond 

dopamine release promotes cocaine seeking. Nature 2003, 422 (6932), 614-8. 

54. Tsai, H. C.;  Zhang, F.;  Adamantidis, A.;  Stuber, G. D.;  Bonci, A.;  de Lecea, L.; 

Deisseroth, K., Phasic firing in dopaminergic neurons is sufficient for behavioral conditioning. 

Science 2009, 324 (5930), 1080-1084. 

55. Kim, T. I.;  McCall, J. G.;  Jung, Y. H.;  Huang, X.;  Siuda, E. R.;  Li, Y.;  Song, J.;  Song, 

Y. M.;  Pao, H. A.;  Kim, R. H.;  Lu, C.;  Lee, S. D.;  Song, I. S.;  Shin, G.;  Al-Hasani, R.;  Kim, 

S.;  Tan, M. P.;  Huang, Y.;  Omenetto, F. G.;  Rogers, J. A.; Bruchas, M. R., Injectable, cellular-

scale optoelectronics with applications for wireless optogenetics. Science 2013, 340 (6129), 211-

216. 

56. Patriarchi, T.;  Cho, J. R.;  Merten, K.;  Howe, M. W.;  Marley, A.;  Xiong, W. H.;  Folk, 

R. W.;  Broussard, G. J.;  Liang, R.;  Jang, M. J.;  Zhong, H.;  Dombeck, D.;  von Zastrow, M.;  

Nimmerjahn, A.;  Gradinaru, V.;  Williams, J. T.; Tian, L., Ultrafast neuronal imaging of dopamine 

dynamics with designed genetically encoded sensors. Science 2018, 360 (6396), eaat4422. 

57. Bao, W.-W.;  Xu, W.;  Pan, G.-J.;  Wang, T.-X.;  Han, Y.;  Qu, W.-M.;  Li, W.-X.; Huang, 

Z.-L., Nucleus accumbens neurons expressing dopamine D1 receptors modulate states of 

consciousness in sevoflurane anesthesia. Current Biology 2021, 31 (9), 1893-1902. e5. 

58. McCutcheon, J. E.;  Beeler, J. A.; Roitman, M. F., Sucrose‐predictive cues evoke greater 

phasic dopamine release than saccharin‐predictive cues. Synapse 2012, 66 (4), 346-351. 

59. Hajnal, A.; Norgren, R., Accumbens dopamine mechanisms in sucrose intake. Brain Res 

2001, 904 (1), 76-84. 

60. Hajnal, A.; Norgren, R., Repeated access to sucrose augments dopamine turnover in the 

nucleus accumbens. Neuroreport 2002, 13 (17), 2213-2216. 

61. Watkins, Z.;  Karajic, A.;  Young, T.;  White, R.; Heikenfeld, J., Week-long operation of 

electrochemical aptamer sensors: new insights into self-assembled monolayer degradation 

mechanisms and solutions for stability in serum at body temperature. Acs Sensors 2023, 8 (3), 

1119-1131. 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 20, 2023. ; https://doi.org/10.1101/2023.10.18.562080doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.18.562080
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 

 

Figure 1. Design and features of implantable AGMs with surface coatings for long-term in 

vivo molecular monitoring. (a) Optical image of the overall configuration of the probe. Inset: 

Scanning electron microscope (SEM) image of the tip end of device that contains four AGMs. (b) 

Layered schematic illustration of the tip end of the sensor, consisting of four AGMs and an onboard 

Ag/AgCl gate electrode. (c) Working principle of the AGMs for real-time dopamine monitoring. 

The reversible conformational switch of aptamers in the presence of targets increases the number 

of hole carriers in the graphene channel surface, leading to a measurable shift of transfer curves. 

(d) Representative transfer curve shift of the AGM before and after exposure to the target. (e) 

Schematic illustration of surface coatings with a monolayer of pyrene-PEG5-alcohol and DNase 

inhibitors-doped polyacrylamide hydrogel on the AGMs. (f) Representative image of a mouse 

following the implantation of the AGMs. (g) Representative real-time monitoring of in vivo 

dopamine release in nucleus accumbens shell (NAcSh) of mice induced by photostimulation (20 

Hz, 5 ms pulse width). The shading area represents ± SEM from seven samples. 
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Figure 2. Characterization of aptamer monolayers functionalized with covalent 

electrografting and non-covalent π-π stacking methods. (a) Schematic illustration of 

functionalizing aptamers on the graphene surface with electrochemical grafting (left) and π-π 

stacking (right). (b) Raman spectrum of graphene after electrografting with p-phenylenediamine. 

(c) Raman spectrum of graphene after the functionalization with pyrene-tagged aptamers using π-

π stacking. (d) The response of sensors using the covalent functionalization method after 

incubating in 1× PBS at 37 °C for two weeks. (e) The response of sensors using the non-covalent 

π-π stacking method after incubating in 1× PBS at 37 °C for two weeks. Dopamine concentration-

dependent response of AGMs prepared based on (f) covalent electrografting method and (g) non-

covalent π-π stacking method across day 1, day 7, and day 14. (h) The transconductance (gm_h) of 

AGMs based on different aptamer functionalization methods. n = 3; *P < 0.05. All data are 

represented as means ± SEM. 
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Figure 3. Long-term stability of AGMs with various surface coatings in aCSF, CSF, and 

undiluted whole blood at 37 ºC. (a) Schematic illustration of surface functionalization with 

pyrene-tagged aptamer and surface passivation with a monolayer of pyrene-PEG5-alcohol. (b) 
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Dopamine concentration-dependent response of AGMs with and without the pyrene-PEG5-

alcohol passivation incubated in (b) protein-rich aCSF solution (5 mg/mL BSA protein), (c) rat 

CSF, and (d) undiluted whole blood samples at 37 ºC. n = 3; ****P < 0.0001, ***P < 0.001, *P < 

0.05. (e) Schematic illustration of pyrene-PEG5-alcohol and polyacrylamide hydrogel-coated 

AGMs. (f) The response of AGMs coated with pyrene-PEG5-alcohol and polyacrylamide hydrogel 

incubated in undiluted rat blood samples at 37 ºC. n = 3. (g) Normalized sensor response after 

incubating in undiluted whole blood at different time points (10 hours, 1 day, 3 days, 5 days, 7 

days, 9 days, 11 days, and 14 days) for pyrene-PEG5-alcohol and polyacrylamide hydrogel-coated 

AGMs. (h) Schematic illustration of pyrene-PEG5-alcohol and DNase inhibitor rutin doped 

polyacrylamide hydrogel-coated AGMs. (i) The response of AGMs coated with pyrene-PEG5-

alcohol and rutin-doped polyacrylamide hydrogel incubated in undiluted rat blood samples at 37 

ºC. n = 3. (j) Normalized sensor response after incubating in undiluted whole blood at different 

time points (10 hours, 1 day, 3 days, 5 days, 7 days, 9 days, 11 days, and 14 days) for pyrene-

PEG5-alcohol and rutin-doped polyacrylamide hydrogel-coated AGMs. All data are represented 

as means ± SEM. 
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Figure 4. Biocompatibility of DNase inhibitor-doped polyacrylamide hydrogel coatings and 
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the impact of sensor implantation on brain tissue and animal behaviors. (a) MTT absorbance 

of induced neural progenitor cells (iNPCs) cocultured with AGMs with different coatings. ns refers 

to not significant. (b) Representative changes in intensity within region of interest (ROI) as the 

distance from sensors increases for both Iba1 (green) and GFAP (red) at 1 week (closed circle) 

and 6 weeks (open square). (c-h) Confocal fluorescence images of horizontal brain slices show 

immunohistochemical staining for DAPI (blue), astrocytes (GFAP, red), and activated microglia 

(Iba1, green) and overall lesion from sensor implantation after 1 week (c-e) and 6 weeks (f-h). All 

histological and confocal settings were kept consistent across groups, 20× (Scale bars, 100 μm). 

(i) Animal motion heatmap for preimplantation (1 day before implantation) and postimplantation 

(after 7 days). (j) Total traveling distance and (k) velocity for mice in an open-field assay at four 

different stages: 1 day before implantation, and 1, 3, and 7 days postimplantation. n = 5; ns 

indicates that the difference of the means is not significant at the 0.05 level. All data are represented 

as means ± SEM. 
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Figure 5. Long-term monitoring of optically evoked dopamine release in vivo. (a) Schematic 

illustration of AGMs implanted in NAcSh with ChR2 injected and optic fiber implanted in VTA. 

(b) Optical images of a mouse implanted with AGMs and optical fiber. (c) Representative transfer 

curves of the AGMs during photostimulation process. The time interval between each transfer 

curve is 3 s, and the scanning step is 3 mV for VG. (d) The sensor response to dopamine release 

evoked by photostimulation at 20 Hz and 5 ms pulse width. (e) Long-term monitoring of 

optogenetically evoked dopamine release in vivo using AGMs with surface coatings. The shading 

area represents ± SEM from three samples. (f) Comparison of the sensor response to dopamine 

release before and during photostimulation on day 1. n = 7; ****P < 0.0001. All data are 
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represented as means ± SEM. (g) Schematic illustration of an implantable probe that contains 

graphene microtransistor with and without the aptamer functionalization. (h) Simultaneous 

operation of graphene microtransistor and AGM channels for real-time dopamine monitoring 

during photostimulation. The shading area represents ± SEM from four samples. (i) Sensor 

response to optogenetically evoked dopamine release for graphene microtransistor and AGM 

channels. n = 4; ****P < 0.0001. All data are represented as means ± SEM. (j) Schematic 

illustration of the mouse brain injected with ChrimsonR in VTA, and dLight injected and optic 

fiber implanted in NAcSh. (k) Averaged traces of dLight1.3b response in NAcSh with and without 

the photostimulation (20 Hz, 5 ms pulse width). The shading area represents ± SEM from 5 mice 

(15 tests). (l) Calculated response to dopamine release detected by dLight1.3b. n = 15; ****P < 

0.0001. All data are represented as means ± SEM. 
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Figure 6. Long-term monitoring of dopamine release during animal behavior events. (a) 

Schematic illustration of the return of righting reflex (RORR). (b) Optical images of a mouse 

during RORR. (c) The representative sensor response during RORR after eight days of sensor 

implantation. The time interval between each data point is 3 s. (d) Comparison of the sensor 

response before and during the RORR. n = 4; **P < 0.01. All data are represented as means ± 

SEM. (e) Schematic illustration of sucrose intake behavior. (f) Image of a mouse during sucrose 

intake behavior. (g) The representative sensor response during sucrose intake after eight days of 

sensor implantation. (h) Comparison of the sensor response before and during sucrose intake. n = 

4; **P < 0.01. All data are represented as means ± SEM. (i) Representative trances of dopamine 

release signal during RORR detected by dLight method. (j) Comparison of the dLight signal 

response to dopamine release during the RORR. n = 4, **P < 0.01. All data are represented as 

means ± SEM. (k) Representative trances of dopamine release signal during sucrose intake 

detected by dLight method. (l) Comparison of the dLight signal response to dopamine during the 

sucrose intake. n = 6, ***P < 0.001. All data are represented as means ± SEM. 
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