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Abstract

Due to bioprinting technologies using a comparatively small amount of material, especially those 

that use print-on-demand techniques, they are considered to be promising production approaches. 

Though 3D bioprinting technologies are widely used in the creation of artificial tissues and 

organs, very little research has been done on their biosensor applications. Single-walled carbon 

nanotube (SWNT)-based optical sensors are highly praised for their remarkable sensitivity and 

specificity for a wide range of analytes. Nevertheless, due to the complexity of packaging and 

immobilization, problems continue to arise when incorporating SWNT sensors into both in vitro 

and in vivo applications. Herein, we report the use of 3D printing technology to improve SWNT 

sensor integration, resulting in adaptable and efficient platform designs. The optimized bioprinted 

hydrogel, composed of 3D-printable, modified Pluronic F-127, improves SWNT containment, 

ensuring stable fluorescence readings and increased fluorescence quenching in the presence of 

nitric oxide (NO). The hydrogel-encapsulated sensor maintains a ~95% fluorescence intensity 

over 90 days. Following the hydrogel parameter optimization, NO solutions were introduced 

to a 1.5-mm thick walled 30 mg/L SWNT-loaded hydrogel, revealing a gradual fluorescence 

intensity decrease with higher NO concentrations. Analysis shows a logarithmic relationship in 

the percentage of quenching at 990 nm within the concentration range of 1 μM to 50 μM, 

with the limit of detection (LOD) of 0.431 μM. When inserted under chicken skin, the sensor 
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exhibits stable fluorescence readings, demonstrating its potential as a real-time in vivo sensor for 

minimally invasive health monitoring.
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1 Introduction

The development of minimally invasive, real-time sensing platforms holds great promise 

in the field of medical technology, offering the potential to revolutionize the way we 

monitor human health [1–3]. 3D printing/bioprinting technologies, which deposit solution-

based functional materials at desired locations with minimal processing steps, are one of 

the most promising production approaches for such advancements [4, 5]. Due to their 

efficient use of materials in the production process, the print-on-demand methods make 

these sensor technologies appealing. Limited research has been conducted on the biosensor 

applications of 3D printing/bioprinting technologies, despite their widespread utilization in 

the construction of engineered tissues and organs and therapeutic applications [6–11].

Optical sensors based on single-walled carbon nanotubes (SWNT) provide excellent 

specificity and sensitivity for identifying a wide range of analytes, including proteins, 

peptides, heavy metals, and small molecules [12–17]. However, difficulties in integrating 

them with packaging or immobilization approaches have limited their use in both in vitro 

and in vivo applications [18, 19]. SWNT sensors can be immobilized on/in a solid substrate, 

or they can be mixed directly with analyte solutions [17, 20, 21]. However, there are 

drawbacks to the direct mixing procedure, including the possibility of sample contamination 

and environmental or public health concerns [22, 23]. On the other hand, alternatives, such 

as confinement in a dialysis bag, surface immobilization on solid substrates (e.g., glass 

slides), and hydrogel encapsulation, can often be costly, unreliable, and inappropriate for use 

in resource-constrained environments [19, 24]. Therefore, investigating the incorporation of 

3D printing technologies may present a viable way to address the difficulties encountered 

in effectively integrating SWNT sensors. These printing approaches have the potential to 

provide an efficient and adjustable sensor platform design, thereby reducing the limitations 

associated with traditional immobilization techniques [16, 25]. However, previous attempts 

to deliver SWNT sensors, even in large animal models, have encountered significant 

challenges that have limited their practicality and effectiveness. For example, Iverson et 

al. developed an alginate hydrogel containing SWNTs wrapped with a 28-nucleotide single-

stranded DNA sequence (AAAT)7, and it maintained its stability in a mouse model for 

300 days after implantation. Due to interactions between the gel matrix and the ssDNA 

wrapping of the SWNT, the encapsulation changed the detection rate and recovery of the 

sensor while maintaining its specificity [26]. In another study, Hofferber et al. encapsulated 

SWNTs wrapped with (AT)15, a 30-nucleotide single-stranded DNA sequence, in liquid 

core hydrogel and placed subcutaneously in wethers (< 1 year old male sheep) [20, 21]. 

Unfortunately, all of the liquid-core hydrogels broke during the 21-day period, likely due to 
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forces exerted on the hydrogel by the animals [20, 21]. Thus, a novel approach is needed 

to retain SWNT sensors within hydrogels without compromising specificity or altering 

detection rates and recovery.

The concentration of NO in biological systems can vary significantly depending on several 

factors, including the isoform of nitric oxide synthase (NOS) involved. The three NOS 

isoforms produce a wide range of NO concentrations, from nanomolar levels for neuronal 

NOS (nNOS) and endothelial NOS (eNOS) to micromolar levels for inducible NOS (iNOS) 

[27, 28]. While NOS was initially considered the primary source of NO, recent studies 

suggest that nitrite (NO2
−) reduction also contributes to its biosynthesis [29, 30] Once 

generated, NO diffuses rapidly from its origin point, with an average lifetime ranging from 

milliseconds to seconds, reacting with and altering the function of various biomolecules. 

In vitro and in vivo NO levels have been reported to span from picomolar to micromolar 

concentrations, influenced by cell type, tissue type, NOS isoform expression, experimental 

conditions, and measurement techniques [31]. Given NO’s significant involvement in 

physiological and pathological processes, particularly in cancer, it is crucial to monitor and 

quantify its concentration and dynamics to understand the disease mechanisms and advance 

therapeutic development [32, 33]. Therefore, a sensor that can detect NO from nanomolar to 

micromolar concentrations is highly desirable.

Herein, we developed and optimized a 3D printed liquid-core hydrogel platform 

that encapsulates the (AT)15-wrapped SWNTs and studied its mechanical and optical 

characterizations. Notably, after 90-days at 37 °C, the fluorescence intensity exhibited a 

negligible decrease. Statistical analysis indicates that the change in intensity from day 

1 to day 90 was statistically insignificant, highlighting the sensor’s robust and stable 

performance over the extended testing period. A linear calibration curve was obtained 

when the percent quenching was plotted against the logarithm of the NO concentration. 

Furthermore, polyvinyl alcohol (PVA) wrapped SWNTs, a non-reactive control, that were 

incorporated into the 3D printed liquid-core hydrogel platform showed no quenching when 

they were exposed to NO. To investigate the burst resistance of the liquid-core hydrogel 

sensor, the mechanical properties were also assessed. Therefore, the 3D printed liquid-core 

hydrogel platforms have the potential for use as long-term in vivo sensors of small-molecule 

analytes, overcoming a major challenge in real-time medical diagnostics and monitoring.

2 Materials and methods

2.1 Materials

(6,5) Enriched Single-Wall Carbon Nanotubes (SWNT) (CoMoCAT), with a tube diameter 

ranging between 0.7 and 0.9 nm and a carbon content exceeding 93% were procured 

from Sigma Aldrich. The (AT)15 single-stranded DNA was sourced from Integrated DNA 

Technologies in Iowa, USA. Sodium Hydroxide (NaOH), NaCl, Polyvinyl alcohol (PVA), 

and Sodium Cholate (SC) were purchased from Sigma Aldrich. Phosphate-buffered saline 

(PBS) and horseradish peroxidase were obtained from Thermo Fisher Scientific. Argon 

(99.999%), and NO gases were purchased from Matheson Tri-Gas, Inc. Fresh chicken skin 

was purchased from a local market and stored in a freezer at − 20 °C until further use. All 

aqueous solutions, unless specified otherwise, were prepared using nanopure water.
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The Pluronic F-127 procured from Sigma Aldrich was modified using acrylic anhydride 

purchased from Combiblocks. For the hydrogel precursor additives, Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) was purchased from Millipore-Sigma, tartrazine was 

obtained from Thermo Fisher Scientific, and the Omnirad 2959 (Irgacure 2959) was 

procured from IGM resins. A LumenX DLP 3D printer from Cellink was used for the 

3D printing. An ultraviolet lamp from UVP (Upland, CA) was used to crosslink hydrogels 

for plugging the needle holes.

2.2 Synthesis of (AT)15 and PVA wrapped-SWNT

(AT)15-wrapped SWNT were prepared using a protocol published elsewhere [20, 34]. 

In brief, 2 mg mL−1 of (AT)15 and SWNT (2:1 DNA: SWNT mass ratio) were added 

to 0.1 M NaCl solution. The solutions were bath-sonicated for 10-minutes (Bransonic, 

M2800H) before being ultrasonicated for 40-minutes with a 3 mm probe tip (QSonica Q125 

Sonicator). Following two centrifugation cycles for 90-minutes, each time at 16,100 RCF, 

using an Eppendorf Centrifuge 5415D, the solution’s supernatant was collected at the end of 

each cycle and kept at 4 °C.

PVA-wrapped SWNTs, also known as a non-reactive sensor, was synthesized as previously 

described [35]. Briefly, the SWNTs were ultrasonicated in a 2 w/v% sodium cholate (SC) 

solution for an hour in order to disperse them in SC. The resultant solution was centrifuged 

twice for 40 min each time at 16,100 RCF, with the pellet being removed at the end 

of each cycle. PVA was added to reach a final concentration of 2%. A 24-hour dialysis 

was performed on the resulting suspension against nanopure water. As previously reported, 

UV/vis spectrometry (Beckman Coulter DU730) was used to determine the concentration of 

the SWNT solutions.

2.3 Fabrication of liquid-core hydrogel

The liquid core-hydrogels were 3D printed using a modified Pluronic F-127. This 3D-

printable Pluronic F-127 ink was modified and mixed using a previously reported protocol 

[36]. The ink contains 12.5% modified Pluronic F-127, 0.1 g/mL LAP photoinitiator diluted 

from a stock solution, and 1 mM tartrazine photoabsorber diluted from stock solution, all 

dissolved in water. They were printed using a LumenX DLP 3D printer (CellInk). The 

liquid-core hydrogels were 3D printed as hollow, pill-shaped constructs that are 6 mm 

in diameter and 12 mm long. The walls of the printed constructs are 1, 1.5–2 mm thick 

throughout the straight section and 2 mm on the rounded ends. This leaves a pill-shaped 

hollow inner core that is 3 mm in diameter and 8 mm long. One side of the construct 

contains a small, extended flat surface to serve as a base for the 3D printing (Fig. 1a, b 

and c). After printing, the constructs were briefly washed in water to remove excess ink and 

color and stored at room temperature in a moist environment.

2.4 SWNT injection into liquid-core hydrogel

First, the hydrogel was placed within a plastic container to keep it standing on the shorter 

end, allowing for increased stability of the hydrogel during injection. Subsequently, the 

excess liquid within the hydrogel was extracted using a syringe, while a needle was 

employed as a pressure regulator. Then the SWNT solution was injected into the hydrogel 
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while the needle was still in place. Upon completion of the injection process, the hydrogel 

was sealed by drop-casting of the modified pluronic F-127 dissolved in solution with 

Irgacure at the needle insertion sites, followed by exposure to UV light for 30 s. Video 

1 illustrates the injection of SWNT sensors into the hydrogel. SWNT sensor-injected 

hydrogels were stored at room temperature under moist conditions until further use.

2.5 Mechanical characterization

The mechanical performance of the liquid-core hydrogel was performed on a CellScale® 

Univert Biomaterials Testing (CellScale, Canada) device with a cell load of 10 kg. 

Compression tests for 1, 1.5, and 2 mm thick SWNT-loaded liquid-core hydrogels were 

tested at strain rate of 0.2 mm/s with 10 consecutive compression cycles at a 40% 

compression strain.

2.6 Fluorescence measurements

A custom built nIR hyperspectral upright microscope (Photon, Etc. Montréal, Canada) 

modified with a 561 nm laser excitation source and an InGaAs camera array detector 

coupled with a volume Bragg grating to collect the sample emission was used to collect 

fluorescence measurements. The collected emission data were processed on PhySpec 

software (Photon Etc.), with subsequent post-processing of data performed using MATLAB.

The calibration curve was generated using an nIR spectrometer (B&W Tec) that utilized 

the mean fluorescence intensity. Samples were excited with a noncoherent light source 

(ThorLabs) through a liquid light guide equipped with a lowpass filter (900 nm cutoff) to 

minimize interference. The emitted light from the samples was gathered using a collimator 

linked to the nIR spectrometer via a fiber optic connection, maintaining a 180-degree angle 

between the collector and the light guide unless specified otherwise.

For accurate fluorescence measurements, the hydrogel was glued onto a petri dish via 

a topical skin adhesive-blue (Henry Schein, NY, USA). For optimization, the calibration 

curve, and quenching experiments, 3 mL of PBS was placed into the petri dish. For the 

fluorescence stability experiment, a 1.5 mm thick SWNT-loaded hydrogel was stored in 

normal saline (0.1 M NaCl) at 37 °C for 90 days in a sealed container.

For NO quenching experiments, NO gas was bubbled through nanopure water. Briefly, 15 

mL of nanopure water in a sealed flask was first purged with Argon gas to deoxygenate the 

nanopure water for 20 min. Following this, NO was introduced into the flask for 5 min to 

generate the NO stock solution. The ultimate concentration of the NO was determined using 

the method outlined by Qiang et al. [37]. This NO solution was then combined with 1.36 μM 

horseradish peroxidase solution. The absorbance values at 405 and 420 nm were recorded 

and employed to calculate the NO concentration using Qiang et al.’s formula.

3 Results and discussion

For implantable hydrogel sensors, the mechanical properties, specifically recoverability 

and compressibility, are crucial for sustained, long-term measurements. To determine these 

characteristics, compression tests were conducted on hydrogels filled with nanopure water. 
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This approach served to assess the recoverability and compressibility of the prepared 

hydrogels. Instead of SWNT sensors, nanopure water was chosen due to concerns about 

potential environmental impact in case of hydrogel burst during experimentation. Figure 

2a and b, and 2c show the representative images of the compressibility of 1-, 1.5-, and 

2-mm thick liquid-core hydrogels, respectively. After 10 consecutive compression tests 

were performed at a 40% compression strain and a strain rate of 0.2 mm/s (Fig. 2d 

and e, and 2f), the hydrogels exhibited an excellent recoverability. As an example, 10 

consecutive compression cycles of 1.5-mm thick liquid-core hydrogels are recorded (Video 

2). Hydrogels created with similar components, but not with a liquid core, were previously 

studied by Duan’s research group, and the bulk mechanical properties for the non-liquid core 

hydrogels were reported in Shi et al. [36]. Previous studies, along with our current liquid 

core data, demonstrate a robust hydrogel system that should remain stable under typical 

stress conditions.

Figure 1a and b, and 1c show a schematic of the 3D printed liquid-core hydrogel. The 

three different thicknesses used to optimize the parameters are shown. Figure 1d shows 

an example of a 1.5-mm thick and 30 mg/L of SWNT-loaded liquid core hydrogel, and 

its fluorescence image at 990 nm is shown in Fig. 1e. Individual fluorescence images 

were merged to form the integrated image, resulting in a pixelated appearance. Various 

amounts of (AT)15-wrapped SWNT sensors (15, 30, 50, and 100 mg/L) were injected into 

the liquid-core hydrogels, and fluorescence readings were recorded. A linear relationship 

was observed between the concentration of the SWNT and the fluorescence intensity (Fig. 

1f). Notably, no saturation was found at higher SWNT concentrations. As a result, all of 

the following measurements were carried out with a 30 mg/L SWNT solution to maintain 

consistency in our testing methodology.

It has been reported that SWNTs can pass or penetrate through physical barriers due to 

their small diameters [38]. Therefore, fluorescence intensities of 30 mg/L SWNT-loaded 

1-, 1.5-, and 2-mm thick hydrogels were monitored for 4 h to assess their retention of 

the hydrogel. Prior to testing, the hydrogels were immersed in 3 mL of PBS at 37 °C 

within a petri dish for 15 min. In Fig. 3a, it is shown that the fluorescence intensity of 

1-mm thick hydrogels exhibited the highest initial percent fluorescence intensity, but it 

diminished over the 4-hour period. Meanwhile, the 1.5-mm thick hydrogels displayed some 

fluctuations in fluorescence intensity but maintained their overall fluorescence for the entire 

4 h. The 2 mm thick hydrogels showed a much lower initial fluorescence intensity but 

exhibited no significant change over time. The decrease in initial fluorescence intensity for 

the increasingly thick hydrogels is expected since the thicker hydrogels will decrease the 

excitation and emission signals. Considering their instability, the 1 mm-thick hydrogels were 

not employed in subsequent experiments.

The hydrogel core material, modified Pluronic F-127, used in our study is composed of a 

non-toxic, biocompatible, and biodegradable network [36, 39]. Specifically, the hydrogel is 

crosslinked using LAP to enhance the in vivo stability. These characteristics ensure that the 

hydrogel remains intact and stable within the intended biological environment. Although 

the 1 mm thick hydrogel showed the highest fluorescence intensity, we observed that the 

SWNT sensor was leaching from where it was injected. The observed decrease in the 
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fluorescence intensity in the 1 mm thick hydrogel can be attributed to technical challenges 

during the injection and sealing process. Specifically, the sealing agent did not adequately 

fill the hole in the capsule due to limitations imposed by the needle diameter and hydrogel 

thickness. Notably, this issue was not observed for the 1.5- and 2-mm thick hydrogels. 

Considering the application of the liquid-core hydrogel as a removable sensor could be 

a great approach to mitigate the risk of leaching and biodegradation. By designing the 

SWNT-based biosensor as a temporary, removable implant, we can avoid any long-term 

issues related to hydrogel degradation and sensor leaching. This approach ensures that the 

sensor can be safely retrieved after its intended use, providing a controlled and reliable 

method for in vivo monitoring without the risk of prolonged exposure.

The 30 mg/L SWNT-loaded 1.5-thick hydrogel was tested with the addition of 1 mL of 

30 μM NO into the petri dish containing 3 mL of PBS solution, with 1 mL of PBS being 

removed before adding the stock solution. The 1.5-mm thick hydrogel exhibited a sharp 

decrease in fluorescence intensity upon the introduction of the NO solution, with a quick 

quenching time, as shown in Fig. 3b. This rapid quenching behavior in the 1.5-mm thick 

hydrogel is consistent with previous findings by Iverson’s group, which observed similar 

behavior in thin layers of hydrogel and freely suspended SWNTs [40]. Given that the PBS 

solution in our experiments was not deoxygenated, the observed response indicates that NO 

gas likely permeated through the hydrogel before undergoing further reactions, in which it 

potentially forms NO2. These findings underscore hydrogel’s capability to detect NO gas 

and suggest its potential application in rapid-response sensing environments.

Previous studies had shown that when implanted under the skin in a mouse model, the 

composite hydrogels (Alginate/SWNT) remained stable for a period of 300 days [26]. 

Instead of performing a 300-day in vivo study, we simulated in vivo conditions for stability 

testing by submerging the liquid-core hydrogel platforms in normal saline (0.1 M NaCl) 

at 37 °C for 90 days. Following this 90-day period, there was no significant decrease in 

fluorescence intensity observed, as shown in Fig. 3c.

In contrast to (AT)15-wrapped SWNTs, when electrostatically neutral PVA is wrapped onto 

SWNTs, it was reported that they showed no response to NO [41]. Given its lack of 

interaction with NO, the PVA-wrapped SWNT sensor can act as a control to demonstrate 

that the change in fluorescence intensity visualized for the (AT)15-wrapped SWNTs upon 

addition the of NO is a result of the NO-SWNT interaction, not an unexpected reaction with 

the hydrogel components. We introduced 30 mg/L of the PVA/SWNT sensor into 1.5-mm 

thick liquid-core hydrogels and evaluated its response to NO, as demonstrated in Fig. 3d. 

Upon adding 30 μM NO to the sample, no fluorescence quenching was detected.

Following the optimization of the hydrogel parameters, various NO solutions were 

introduced to 1.5-mm thick 30 mg/L SWNT-loaded hydrogels. Fluorescence intensities were 

recorded from 900 to 1025 nm, as illustrated in Fig. 4a, using an nIR spectrometer. For 

this experiment, the same hydrogel sample was utilized throughout, and starting from lower 

concentrations, each concentration point was tested in 30-minute intervals. This interval 

was chosen considering the short half-life of NO and the hydrogel’s rapid recovery, as 

demonstrated in Fig. 3b, to ensure minimal interference between consecutive data points. As 
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shown in the figure, the fluorescence intensity gradually decreased as higher concentrations 

of NO were added into the samples. The resulting data was used to create a concentration 

curve for NO quenching of the SWNTs by plotting the percent quenching at 990 nm 

against the varying concentrations of NO, revealing a logarithmic relationship, as depicted 

in Fig. 4b. The NO response, when plotted against the logarithm of the concentration, 

exhibited a well-fitted straight line, as presented in Fig. 4c. The derived equation for the 

fit is expressed as y (λ990- λ922) = 14.013 + 49.319 log (C (μM)) (R2 = 0.983), where 

(λ990- λ922) represents the fluorescence peak intensity (%), and C denotes the added NO 

concentration (μM). Additionally, the limit of detection (LOD) was calculated by following 

the equation (LOD = 3σ
S ), where σ represents the standard deviation of the response at 

the lowest concentrations, and S is the slope of the calibration curve [42]. The LOD 

was determined to be 431 nM, which is within the biologically relevant range of NO 

concentrations. Future enhancements in the SWNT sensor, such as the chirality or length 

sorting of 6,5 SWNTs, could potentially lower the LOD, and improve the sensor’s sensitivity 

toward detecting lower concentrations of NO.

As a proof of concept, SWNT-loaded hydrogels (concentration of 30 mg/L and measuring 

1.5 mm in thickness) were placed between the skin and muscle tissue of a chicken breast, 

as depicted in Fig. 5a and b, and 5c. Fluorescent imaging was performed to demonstrate 

detection of the encapsulated SWNT through the layer of skin. A representative heatmap 

(Fig. 5d) shows the fluorescence of the SWNTs can be detected throughout the hydrogel, 

similar to what is observed without the layer of tissue (Fig. 1e). Moreover, no spectral shift 

was observed when the sensors were inserted into the tissue underneath the skin, as shown 

in Fig. 5e. However, a decrease in fluorescence intensity of about 74% was observed due 

to the tissue presence above the hydrogel. To assess whether the sensor remains functional 

under the skin, NO was introduced into the solution within a petri dish, resulting in a final 

NO concentration of 10 μM. Upon exposure to 10 μM NO, the hydrogel exhibited a decrease 

in fluorescence intensity over time, as shown in Fig. 5f. However, the quenching was not 

as rapid as what was observed in the control experiments conducted without the chicken 

skin (Fig. 3b). This difference suggests that the tissue layer affects the diffusion of NO into 

the hydrogel, thereby slowing the quenching process. The heat maps before, during, and 

after the quenching process are also illustrated in Fig. 5g and h, and 5i, respectively. This 

proof of concept provides promise of the in vivo usability of the SWNT-loaded hydrogel for 

monitoring NO concentrations in biological tissues.

4 Conclusions

In summary, this work highlights the potential of bioprinting technologies, particularly 

those that use print-on-demand processes, for biosensor applications. The integration 

difficulties related to SWNT-based optical sensors, which are known for their sensitivity 

and specificity, have been addressed through an innovative use of 3D printing technology. In 

addition to improving SWNT containment, the resulting bioprinted hydrogel provides stable 

fluorescence readings for 90 days and real-time fluorescence quenching in the presence 

of NO. After optimizing the parameters, the hydrogel platform showed a decrease in 

fluorescence intensity with increasing NO concentrations, allowing for the development 
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of a NO concentration curve. This logarithmic relationship in the percent of quenching 

ranges from 1 μM to 50 μM, with an LOD of 0.431 μM. Furthermore, the potential of the 

liquid-core hydrogel to be used as a real-time in vivo sensor for minimally invasive health 

monitoring is highlighted by its steady fluorescence measurements when placed beneath the 

skin of a chicken. This study offers a feasible and effective method for real-time monitoring 

in a variety of healthcare scenarios in addition to expanding our understanding of biosensor 

applications in bioprinting.
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Fig. 1. 
Representative photographs of (a) 1-mm, (b) 1.5-mm, and (c) 2-mm thick hydrogels before 

and during the 40% compression strain. Compressive cycle stability of (d) 1-mm, (e) 1.5-

mm, and (f) 2-mm thick hydrogels at a 40% compression strain with a strain rate of 0.2 

mm/s

Sadak et al. Page 12

Emergent Mater. Author manuscript; available in PMC 2026 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(a), (b), and (c) Schematic illustration of 3D printed liquid-core hydrogel design. (d) Digital 

image of a 30 mg/L of SWNT-loaded 1.5 mm thick liquid-core hydrogel sample and (e) 

its fluorescence image at 990 nm. (f) the linear correlation between the concentrations of 

SWNT loaded into the hydrogel (15, 30, 50, and 100 mg/L) and the fluorescence intensity
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Fig. 3. 
(a) Fluorescence stability of 1-, 1.5-, and 2-mm thick hydrogels over a 4-hour duration. (b) 

The (AT)15-wrapped SWNT sensors in 1.5-thick hydrogels respond to the addition of 30 

μM NO at 990 nm (final NO concentration is 10 μM). (c) Fluorescence stability of a 30 

mg/L (AT)15-wrapped SWNT loaded in a 1.5-mm thick hydrogel over 90 days. No statistical 

difference was found for any of the time points. (d) PVA-wrapped SWNTs in a 1.5-mm 

thick hydrogel did not respond to the addition of 30 μM NO
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Fig. 4. 
(a) The fluorescence spectral quenching upon the addition of various NO concentrations 

(0–50 μM) using 1.5-mm thick 30 mg/L SWNT-loaded hydrogels via an nIR spectrometer. 

(b) The corresponding fluorescence quenching of 1.5-mm thick 30 mg/L SWNT-loaded 

hydrogels at 990 nm from 0 μM to 50 μM (c) Linear fitting curve of the fluorescence 

quenching of the hydrogel at 990 nm towards the concentrations of NO from 1 μM to 50 μM
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Fig. 5. 
(a), (b), and (c) Digital images of the SWNT sensor-loaded liquid-core hydrogels inserted 

between the skin and muscle of a chicken breast and (d) the corresponding fluorescence 

intensity heat map. (e) Percent fluorescence spectra of (AT)15-wrapped SWNT sensor-

loaded hydrogels before and after inserting them underneath the chicken skin (f) 1.5 mm-

thick hydrogel response to the addition of 30 μM NO at 990 nm (final NO concentration 

is 10 μM) when it was inserted between the skin and muscle of a chicken breast and the 
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corresponding heat maps at different time points: (g) before, (h) during, and (i) after the 

quenching
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