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Abstract 34	
    35	
The ability to track the levels of specific molecules, such as drugs, metabolites, and biomarkers, 36	

in the living body, in real time and for long durations would improve our understanding of health 37	

and our ability to diagnose, treat and monitor disease. To this end, we are developing 38	

electrochemical aptamer-based (E-AB) biosensors, a general platform supporting high-frequency, 39	

real-time molecular measurements in the living body. Here we report that the addition of an 40	

agarose hydrogel protective layer to E-AB sensors significantly improves their baseline stability 41	

when deployed in the complex, highly time-varying environments found in vivo. The improved 42	

stability is sufficient that these hydrogel-protected sensors achieved good baseline stability when 43	

deployed in situ in the veins, muscles, bladder, or tumors of living rats without the use of the drift 44	

correction approaches traditionally required in such placements. Finally, this improved stability is 45	

achieved without any significant, associated “costs” in terms of detection limits, response times, 46	

or biocompatibility. 47	

 48	

  49	
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Introduction 50	
 51	

The ability to track the levels of specific molecules, such as drugs, metabolites, or biomarkers 52	

continuously and in real time in the living body would vastly improve our knowledge of 53	

physiology, pharmacokinetics, and toxicology and would pave the way for truly high-precision 54	

personalized medicine. Such a technology, for example, would improve our understanding of 55	

many time-dependent physiological events, including the distribution phases of therapeutic drugs, 56	

the pulsatile release of hormones, and the hemostatic control of key metabolites.[1-3] In the clinic 57	

such a technology could likewise provide the high-precision, patient-specific pharmacokinetics 58	

required to provide high precision dosing, and even support real-time, feedback-controlled drug 59	

delivery of unprecedented accuracy.[4-5]	The development of such a technology, however, faces 60	

significant hurdles.[6-7] Specifically, such a technology must: (1) achieve clinically-relevant 61	

sensitivity and specificity; (2) must be reversible, so that it can follow rising and falling 62	

concentrations; (3) it must operate continuously, or at least at a frequency that is high relative to 63	

physiological timescales (it thus cannot rely on batch processing, such as separations or the 64	

addition of exogenous reagents); and (4) it must remain stable in the complex, fluctuating 65	

environments found within the body. Faced with these hurdles, continuous, in-vivo sensing had, 66	

until recently only been reported for a short list of metabolites, physiological molecules (e.g., 67	

glucose,[8] lactate,[9] and blood oxygen[10]) and neurotransmitters (e.g., dopamine, 68	

acetylcholine).[11-12] Moreover, the sensors for each of these targets are critically reliant on the 69	

chemical or enzymatic reactivity of their targets, and thus they are not generalizable to the 70	

detection of other, arbitrary targets. 71	

Against this background, we[6, 12-14], followed by others[15-17], have developed electrochemical 72	

aptamer-based (E-AB) biosensors, the first platform technology supporting high-frequency, in-73	

vivo molecular measurement that does not rely on the intrinsic chemical or enzymatic reactivity 74	

of its targets. To achieve this, E-AB sensors employ a target binding-induced conformational 75	

change to generate an electrochemical signal (Fig. 1a). Specifically, E-AB sensors are comprised 76	

of redox-reporter-modified DNA or RNA aptamer, a class of functional oligonucleotides that binds 77	

a specific analyte and can be artificially selected via high-throughput, in-vitro methodologies, that 78	

are covalently attached to an interrogating electrode. The binding of an analyte to these recognition 79	

elements alters the efficiency with which the redox reporters transfers electrons to or from the 80	
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electrode, producing an easily measurable signal change when the sensor is interrogated 81	

electrochemically.[12] Because this signaling mechanism recapitulates the conformation-linked 82	

signaling typically employed by naturally occurring chemo-perception systems, E-AB sensors are 83	

selective enough to deploy directly in complex  sample matrices.[18-19]  84	

While E-AB sensors are reasonably stable in blood and serum in vitro, they exhibit significant 85	

drift when deployed directly in the living body[20-22], which presumably arises due to degradation 86	

of the target-recognizing aptamer and the non-specific adsorption of cells and other blood 87	

components to the sensor surface. To circumvent this, we have historically employed drift 88	

correction methods, such as kinetic differential measurements (KDM)[23], dual-reporter 89	

approach[12] or chronoamperometry.[24] The former two employs a secondary signal from the 90	

sensor to correct for the drift, while the latter monitors the electron transfer time constant to 91	

quantify the target, an observation that is independent of the number of aptamer probes and thus 92	

rather insensitive to sensor degradation. Using these approaches, we have achieved good 93	

measurement accuracy and returns to baseline for in-vivo runs up to several hours. Ultimately, 94	

however, these approaches fail when the sensor degradation becomes so great that its signal-to-95	

noise ratios become unacceptably low. Thus motivated, here we explore a complementary 96	

technology: the use of a hydrogel matrix to protect E-AB sensors from non-specific adsorptions 97	

and sensor degradations by decreasing the access of high molecular weight, biological components 98	

(e.g., proteins, blood cells) to the sensor surface (Fig. 1b), reducing their ability to degrade sensor 99	

performance.  100	

 101	

 102	

 103	

 104	

 105	
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 106	
Fig. 1 Here we have demonstrated the ability of a protective hydrogel coating layer to improve the baseline 107	
stability of electrochemical aptamer-based (E-AB) biosensors when they are deployed in situ in the living 108	
body. The signaling mechanism of E-AB sensors, which recapitulates the conformation-linked signaling 109	
employed by naturally occurring chemo-perception systems, renders them selective enough to be deployed 110	
in complex matrix, such as blood serum.[18-19] (a) However, they suffer from significant signaling baseline 111	
drift when they are deployed directly in whole blood for continuous, real-time measurements both in vitro 112	
and in vivo without any drift corrections (bottom panels shown are real data collected in vivo). Historically 113	
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we have corrected this drift using algorithms such as kinetic differential measurements or 114	
chronoamperometry.[23-24] (b) Here, in contrast, we demonstrate the good baseline stability of uncorrected, 115	
gel-protected sensors (bottom panels shown are real data collected in vivo).  116	

 117	
 118	
Results 119	
 120	

Gel-coating improves E-AB sensor performance 121	

The utility of gel coating to solve the baseline drift of E-AB sensors relies on the differential 122	

kinetics of molecular diffusion through a dense hydrogel. To characterize this diffusion, we first 123	

used both modeling and experimental approaches to estimate the size-dependence of molecular 124	

diffusion kinetics through a representative hydrogel. Specifically, using Amsden's theoretical 125	

model, [25], we found that the time required for diffusion through a certain length of hydrogel is 126	

greatly dependent on both molecular size (here, we employed a variety of proteins in whole blood) 127	

and gel porosity (i.e., gel wt% concentrations, Fig. 2a and 2b, Supplementary Fig. 1). Consistent 128	

with this, when we incubated a 5 mg/mL solution of fibrinogen (~25 nm in diameter) and 5 mg/mL 129	

solution of BSA (~3 nm in diameter) on top of a gel for 24 h and monitored the two proteins’ 130	

diffusion into the gel mass, we found that, at a depth of ~25 µm (the thickness of the gel on our 131	

protected sensors), the concentration of the former only reached 10% of the applied concentration 132	

(Fig. 2c and 2d). In contrast, the latter, lower-molecular weight protein was homogeneously 133	

distributed throughout the entire ~ 400 µm thickness of the gel slice.[26-27] Not surprisingly, the 134	

presence of a hydrogel also prevents the agglomeration of blood cells onto a sensor surface (Fig. 135	

2e), as these are far too large to penetrate the gel network.  136	
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 137	
 138	

Fig. 2 Hydrogel greatly reduces the diffusion of high-molecular weight proteins and effectively eliminates 139	
the diffusion of cells. (a) Using Amsden's theoretical model, we modeled the extent to which the presence 140	
of a hydrogel reduces the diffusion constant of various proteins (Dg/D0 reflects the diffusion constant in the 141	
gel relative to that seen in the free solution). As expected, the gel significantly reduces the diffusion of high-142	
molecular weight proteins, while have less of an effect on lower molecular weight proteins. (b) The time 143	

duration required for blood components to diffuse through a specific depth (here, ~25 µm) is likewise 144	

greatly dependent on their molecular weight and the density of the gel. (c-d) Using confocal microscopy 145	
we have monitored the diffusion of BSA (~3 nm in diameter) and fibrinogen (~25 nm) through a gel slice 146	
fabricated from 3 wt% gel solution over the course of 24 h. Under these circumstances the concentration of 147	

fibrinogen at a depth of 25 µm reaches only ~10% of the applied concentration. In contrast, after the same 148	

24 h incubation the concentration of BSA seen in the gel is homogeneously distributed across its entire 400 149	
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µm thickness of the gel. (e) Not surprisingly, while red blood cells adhere to an unprotected electrode (i.e., 150	

no gel coating) none are seen on a gel-protected electrode (The red blood cells on the unprotected sensors 151	
are outlined with black circles).  152	

 153	

Baseline stability in-vitro  154	

 155	

   Motivated by the ability of a hydrogel to greatly reduce the diffusion of blood cells and higher 156	

molecular weight proteins, we next investigated their ability to protect E-AB sensors in vitro in (a) 157	

undiluted whole blood and (b) excised, solid tissue, using a sensor against the antibiotic 158	

kanamycin[14] as our test bed. Using a standard dip-coating protocol (Supplementary Fig. 2), we 159	

first fabricated a gel-protected E-AB sensors and then interrogated these sensors in vitro both in 160	

buffer and whole blood using a three-electrode system (Fig. 3a). As expected, we observed similar 161	

stability when we challenge unprotected and gel-protected versions of this sensor in phosphate 162	

buffered saline (Supplementary Fig. 3). In contrast, when the two are challenged in vitro in 163	

undiluted whole blood, the performance of the gel-protected sensor is notably improved over that 164	

of unprotected sensors. For example, over 10 h the peak currents of unprotected sensors fall by 165	

70% in undiluted whole blood and over 10 h under these conditions, those of gel-protected sensors 166	

fall by less than 5% (Fig. 3b, c, d). Perhaps not coincidentally, after interrogating for 10 h in whole 167	

blood, we observed that, while unprotected sensor was covered with biocomponents, gel-protected 168	

sensor exhibited no adsorptions to such components (Supplementary Fig. 4). The improved 169	

stability of gel-protected sensors likewise holds for sensors inserted into excised solid tissue (Fig. 170	

3e) and for sensors employing aptamers against other than kanamycin (Supplementary Fig. 5).  171	

To determine which blood components contribute most significantly to the observed drift we 172	

next challenged gel-protected and unprotected sensors for 10 h in either plasma, which is the liquid 173	

fraction of whole blood (Fig. 3f), or formed elements (Supplementary Fig. 6), which is the cellular 174	

fraction. When incubated for 10 h, gel-protected sensors exhibited excellent stability under both 175	

conditions. In contrast, unprotected sensors lost 80% of their signal in formed elements and 20% 176	

in plasma, suggesting that the agglomeration of blood’s cellular components on the sensor or the 177	

reaction of their components with the DNA aptamer (e.g., DNAses liberated from ruptured cells, 178	

Fig. 3g) are a larger source of baseline drift than that associated with the proteins in plasma.  179	
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The drift protection provided by the gel coating comes at relatively little cost in sensor 180	

equilibration time, detection limits. For example, while the presence of the protecting gel slows 181	

sensor response times, this effect is small relative to the timescales of the physiological processes 182	

E-AB sensors have been used to investigate. Specifically, a kanamycin-detecting, gel-protected 183	

sensor reaches 90% of its maximum signal change within less than one minute (Fig. 3h), a 184	

timescale far faster than the tens of minutes elimination rate of this drug.[14] The detection limit of 185	

a gel-protected sensor is likewise effectively indistinguishable from that of the equivalent, 186	

unprotected sensor (Fig. 3i). Consistent with this, the electron transfer kinetics of gel-protected 187	

sensors are closely comparable to those observed for unprotected sensors (Supplementary Fig. 7), 188	

suggesting their gain and detection limits should be similar. 189	

 190	

 191	
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Fig. 3 Gel-protected sensors achieve excellent stability while maintaining rapid response time and low 192	
limits of detection. (a) Here we employed a three-electrode system to interrogate our sensor, including a 193	
gold working electrode that serves as the sensor, a Ag/AgCl reference electrode, and a platinum counter 194	
electrode. The gold working electrode was used as is or protected by gel layer, i.e., unprotected or gel-195	
protected sensors. (b) When deployed in whole blood, unprotected sensors exhibited a significant signal 196	
loss shown as the current obtained via square wave voltammetry decaying dramatically. (c) Under the same 197	
conditions, the signal obtained from gel-protected sensors is quite stable. (d) For example, while 198	
unprotected sensors exhibit 80% signal loss over 10 h in whole blood, gel-protected sensors exhibit no 199	
signal loss under the same conditions. After interrogating for 10 h in whole blood, while unprotected sensor 200	
was fully covered with biocomponents, gel-protected sensor exhibited no adsorptions to these components 201	
(Supplementary Fig. 4). Gel-protected sensors likewise remain far more stable (e) when inserted into a 202	
tissue sample (here fresh pork) and (f) in plasma. (g) When deployed in PBS buffer in the presence of a 5 203	
mM solution of DNases-I, unprotected sensors exhibit 20% signal loss over 1.5 h, while for gel-protected 204	
sensors the loss is less than 5%. The (h) response time and (i) limits of detection of gel-protected sensors 205	
remain quite similar to those of unprotected sensors. 206	
 207	

 208	

Continuous, real-time, in vivo molecular measurements  209	

 210	

   Motivated by the improved stability of gel-protected sensors exhibit in vitro, we next tested them 211	

in a variety of in vivo scenarios. As the first of these tests we emplaced a kanamycin-detecting 212	

sensor in the external jugular veins of an anesthetized Sprague-Dawley rats, and injected the drug 213	

into the opposite external jugular vein. Under these conditions, an unprotected (non-drift-corrected) 214	

sensor exhibits ~40% loss in signal over the course of 2 h (Fig. 4a and 4b). Gel protection reduced 215	

this loss to less than 5% over the same period. Following two sequential intravenous boluses of 216	

kanamycin, the gel-protected sensor recorded consecutive concentration spikes corresponding to 217	

each bolus, with maximum kanamycin concentrations (Cmax) of ~200 µM and the effective 218	

clearance of 90% of the drug from the circulatory system within 50 min (Fig. 4c), values that are 219	

fully consistent with prior studies of the pharmacokinetics of this drug.[6] Repeating these 220	

measurements with the gel-protected sensor in multiple rats we observed reproducibility consistent 221	

with the known pharmacokinetic variability of the aminoglycosides[28] (Supplementary Fig. 8-9). 222	

Finally, we used gel-protected sensors to follow monotonically increasing intravenous kanamycin 223	
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doses spanning the 10-30 mg/kg therapeutic ranges used in humans[29] (Fig. 4d). The sensor 224	

responded rapidly to each injection, and measured peak drug concentrations in good accordance 225	

with the relevant delivered dose (Fig. 4e). 226	

Gel-protected sensors achieve clinically relevant accuracy in vivo without employing the drift 227	

correction mechanism we have previously employed. To see this, we performed simultaneous in-228	

vivo and ex-vivo measurements using, respectively, a gel-protected E-AB sensor and blood draws 229	

followed by high-performance liquid chromatography (Fig. 5). Specifically, we implanted one 230	

kanamycin-detecting, gel-protected sensor in the jugular vein of a living rat and performed the 231	

real-time, continuous E-AB measurements while drawing blood samples at 20 to 30 min intervals 232	

from the opposite jugular vein. Performing HPLC-ELSD measurements immediately after in-vivo 233	

test (to maintain the freshness of the sample) using a standard protocol for blood pre-treatment 234	

(detailed protocols see supplementary materials, Supplementary Figs. 10-11), the ex-vivo 235	

measured concentrations for each sample were in close accordance to the values obtained from E-236	

AB sensors (Fig. 5b, c). For example, measurements taken by the two approaches during the 237	

elimination phase of the drug’s pharmacokinetics were within 30% of one another, a level of 238	

accuracy similar to that of commercial glucose sensors.[30-31] 239	
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 240	
        241	

Fig. 4 Gel-protected E-AB sensors support continuous, real-time molecular measurements in situ in the 242	
living body without the use of the drift-correction algorithms previously used in such deployments.[23] (a) 243	
To show this, we first emplaced kanamycin-detecting sensors in the external jugular veins of anesthetized 244	

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 17, 2020. ; https://doi.org/10.1101/2020.11.15.383992doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.15.383992


Sprague-Dawley rats, which we then challenged via intravenous injection of the drug into the opposite 245	
external jugular vein. (b) Unprotected sensors exhibited significant drift over the course of these few-hour 246	
experiments, rendering them incapable of determining the target concentrations without employing drift-247	
correction methods. (c) In contrast, gel-protected sensors are much more stable, achieving precise, 248	
continuous molecular measurement. (d) We then followed monotonically increasing intravenous doses of 249	
kanamycin spanning the 10-30 mg/kg therapeutic ranges used in humans. (e) The sensor responded rapidly 250	
to each injection, measuring maximum concentrations between 34 and 100 µM in good accordance with 251	
the delivered dose. 252	
 253	
 254	
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Fig. 5 Gel-protected E-AB sensors achieved clinically relevant accuracy without employing drift-correction 256	
approaches.[23-24] (a) and (b) To see this, we performed parallel pharmacokinetics studies using ex-vivo 257	
analysis via high-performance liquid chromatography as our gold standard. Specifically, used a gel-258	
protected E-AB sensor in the jugular vein of a live rat to perform real-time measurements of kanamycin, 259	
while simultaneously collecting blood samples at an interval of 20 to 30 minutes for subsequent bench-top 260	
analysis. (c) The results of the two approaches are in good accordance throughout the experiment. The 261	
precision of E-AB sensors as defined by the standard deviation observed during the pre-challenge baseline 262	
is on the order of ~30 µM. The error bars on the E-AB data are derived from the error in the calibration 263	
curves obtained via in-vitro titrations. The error bars on HPLC data were derived from replicate 264	
measurements performed on each sample. In both cases the error bars reflect 95% confidence intervals. 265	
 266	
 267	

Simultaneous, multi-compartment measurements 268	

 269	

Gel-protected E-AB sensors also achieve good baseline stability when placed in other bodily 270	

compartments, suggesting that they can be used, for example, to monitor time-varying molecular 271	

concentrations throughout the body[32-33] To see this, we first implanted three E-AB sensors in a 272	

single rat: one in a jugular vein, a second in a leg muscle, and a third in the bladder (Fig. 6a). Upon 273	

intravenous challenge with 40 mg/kg kanamycin, we again observed a rapid increase in plasma 274	

drug level peaking at ~200 µM. As expected, the sensors placed in the tissue and bladder also 275	

measured rising drug levels, albeit with a delay arising due to the slow transport of the drug into 276	

the tissues and the slow excretion of the drug via the kidneys (Fig. 6b). Following on this, we also 277	

implanted a sensor against the chemotherapeutic doxorubicin into a solid tumor (Fig. 6c, 278	

Supplementary materials, video 1). Once again, when we implanted a doxorubicin-detecting gel-279	

protected sensor in BALB/C nude mice, we achieve a micromolar precision upon intravenous 280	

challenge with the drug (Fig. 6d) at therapeutically relevant concentrations.  281	

 282	

 283	

 284	

 285	

 286	
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 287	
Fig. 6 Gel-protected E-AB sensors exhibit good baseline stability when placed in a variety of bodily 288	
compartments. (a) To show this we simultaneously implanted kanamycin-detecting sensors in the jugular 289	
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vein, leg muscle, and bladder of a single rat. (b) Upon intravenous challenge with 40 mg/kg kanamycin we 290	

once again observed an immediate rise of drug in the vein, peaking at ~200 µM. The sensors in the muscle 291	

and bladder exhibited slower drug level rise, indicating a slower uptake into the solid tissues and slower 292	
elimination of the drug from the blood. (c) We have also explored the use of E-AB sensors to perform 293	
continuous, real-time molecular tracking in situ in a tumor. (d) Specifically, a gel-protected, doxorubicin-294	
detecting sensor placed inside of a xenograph tumor achieved micromolar precision upon an intravenous 295	
challenge of the drug at 40 mg/kg, a dose that is therapeutically relevant. 296	

 297	

Biocompatibility 298	

 299	

     We also performed preliminary exploration of the biocompatibility of both unprotected and gel-300	

protected E-AB sensors, a critical issue for the development of long-duration implantable 301	

devices.[7, 34-37] To do so we employed five groups of rats (15 rats per group): those implanted with 302	

(1) gel-protected and (2) unprotected sensors in the tail vein; those implanted with (3) gel-protected 303	

and (4) unprotected sensors in the muscle of the left hind limb; and (5) a control group that was 304	

not implanted with any sensors, but was subjected to the same surgical procedures as a combination 305	

of both vein and muscle groups. In each case, the sensors remained in the animal for one week. 306	

During this time observed no significant difference among the five groups in terms of body weight, 307	

food/water consumption, or behavior (Fig. 7a-c). A week post-implantation we performed blood 308	

examination and morphology studies. Upon visual inspection, we observed what appeared to be 309	

complete recovery of the implantation site and no inflammation of the skin (Supplementary Figs. 310	

12-17). Consistent with this, we did not observe any significant differences in blood vessel 311	

morphology, and only slight differences in muscle tissue between implanted sensors (either 312	

protected or unprotected) and controls (Fig. 7d). Likewise, we did not detect any hematological 313	

changes in terms of white blood cells, red blood cells, hemoglobin, and platelets counts (Fig. 7f. 314	

To test for the presence of thrombosis in intravenous placements,[38] we collected the vessels from 315	

the rats one week after tail-vein implantation. In neither case did we observe thrombosis for either 316	

gel-protected or unprotected implantations (Fig. 7g, Supplementary Fig. 18). Neither did we detect 317	

any significant differences in endothelin, D-dimer and thrombomodulin between the five groups 318	

(Fig. 7h), further suggesting that sensor implantation does not lead to thrombosis. Finally, to 319	

evaluate the immune response provoked by our sensors (which can be an obstacle to practical 320	

implantable devices[39-40]), we monitored the inflammatory biomarkers C-reactive protein, tumor 321	

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 17, 2020. ; https://doi.org/10.1101/2020.11.15.383992doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.15.383992


necrosis factor α, interleukin 12 and interleukin 6, observing no statistical difference (p >0.05) 322	

between any of the five groups (Fig. 7i).   323	
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Fig. 7 Both gel-protected and unprotected sensors exhibit good biocompatibility. To determine this we 325	
employed five groups of 15 rats each: (1) gel-protected and (2) unprotected sensors (denoted here as “no 326	
gel”) implanted in the tail vein; (3) gel-protected and (4) unprotected sensors implanted in the muscle of 327	
the left hind limb; and (5) a control group that was not implanted with any sensors, but was subjected to the 328	
same surgical procedures (both vein and muscle) as the former groups (Supplementary Figs.12-17). (We 329	
observed no significant differences in (a) water consumption, (b) food consumption or (c) animal behavior 330	
between implanted and control animals. (d) Likewise, we observed no significant difference in the 331	
morphology of the tail vein after one-week implantations. Here, the black arrows denote the tail vein. (e) 332	
Implantations of both protected and unprotected in the muscle cause mild inflammation, as indicated by 333	
black dotted lines. (f) We observe no significant  differences in blood counts between any of these five 334	
groups. Likewise, we observed (g)  no thrombosis, and (h) no significant change in the coagulation markers 335	
endothelin, D-dimer, or thrombomodulin. (i) Finally, we observed no sigificant differences in the plasma 336	
levels of the inflammatory factors C-reactive protein, interleukin 12, interleukin 6 and tumor necrosis factor 337	
α. 338	

	339	

Conclusions 340	

Here we demonstrate that the application of an argarose hydrogel coating significantly reduces 341	

drift when E-AB sensors are deployed both in vitro in undiluted whole blood and in situ in the 342	

veins, the bladder, solid healthy tissue, or solid neoplastic tissues of live rats. We believe this 343	

improved stability is due to the dependent differential kinetics of molecule diffusion across the gel, 344	

which allows low-molecular weight target molecules to diffuse rapidly to the sensor surface while 345	

largely blocking the approach of high-molecular weight components, minimizing non-specific 346	

adsorption to the sensor and enzymatic degradation of its aptamer. Moreover, gel-protected sensors 347	

achieve these improvements without significant reductions in time resolution, limits of detection, 348	

precision, or accuracy. Finally, we have demonstrated that gel-protected sensors retain the same 349	

biocompatibility as unprotected E-AB sensors when implanted in blood vessels or muscle tissue, 350	

as neither causes any detectable impact on animal behavior or blood properties, and only minimal 351	

changes in tissue morphology. 352	
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