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ABSTRACT: Genetically encoded molecular protein sensors (GEMS) are engineered to sense
49 and quantify a wide range of biological substances and events in cells, in vitro and even in vivo
51 with high spatial and temporal resolution. Here, we aim to stably incorporate these proteins into
a photopatternable matrix, while preserving their functionality, to extend the application of these

56 proteins as spatially addressable optical biosensors. For this reason, we examined the fabrication
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of 3D hydrogel microtips doped with a genetically encoded fluorescent biosensor, GCaMP3, at
the end of an optical fiber. Stable incorporation parameters of GCaMP3 into a photocrosslinkable
monomer matrix were investigated through a series of characterization and optimization
experiments. Different precursor solution formulations, and irradiation parameters of in situ
photopolymerization were tested to determine the factors affecting protein stability and sensor
reproducibility during photoencapsulation. Microstructure and performance of hydrogel
microtips were controlled by varying UV irradiation intensity as well as photocurable monomer,
PEGDA (polyethylene glycol diacrylate) molecular weight and concentration in precursor
solution. Protein doped hydrogel microoptrodes (microtip sensors) were fabricated successfully
and reproducibly at the distal end of optical fiber. Under optimized conditions, bioactivity of
GCaMP3 within hydrogel matrix of microoptrodes remained similar to that of protein free in
buffer. The limit of detection of protein optrodes for free calcium was also determined to be 4.3
nM. The hydrogel formulation and fabrication process demonstrated here using microtip
optrodes can be easily adapted to other conformation-dependent protein biosensors and be used

in sensing applications.

1. INTRODUCTION

The scope of possible optical biosensors is restricted by available analyte-sensitive dyes or
molecular sensors. In recent years, protein engineering has produced several families of novel
genetically encoded molecular sensors (GEMS), which are typically synthetic fusion proteins
containing an analyte-binding region and at least one fluorescent sensor region'>. GEMS were
developed and used primarily for the imaging of metabolites and signaling molecules in tissues,

transgenic animals or in roots of intact plants by expressing the GEMS in the subject organism as
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a transgene™"’. However, these protein-based sensor molecules also open up opportunities to
create new optical biosensor devices including optical sensors or optrodes. Optrodes

compliment imaging as a sensing tool particularly in applications where the genetic manipulation

©CoO~NOUTA,WNPE

of the subject organism is not desirable or practical, such as implantable devices in humans and
13 environmental monitoring.

15 To build an optrode using a GEMS, the synthetic protein must interface with an optical
18 component such as an optical fiber or waveguide. Recently, studies demonstrated the covalent
20 immobilization of GEMS proteins on the surface of silica nanoparticles 6 and the incorporation
of GEMS proteins within silica nanoparticles through specific interaction between histidine
25 residues of protein and calcium—silicate complex of the silica matrix’. In general, the
27 immobilization or encapsulation of proteins into 3D matrices results in better protein stability
and function compared to covalent modification or adsorption to flat planar surfaces®.
32 Photocrosslinkable hydrogels offer not only a highly hydrophilic 3D environment to foster
34 protein activity and stability, but are also optically addressable to enable spatially controlled
37 protein localization®"!. The photoencapsulation of GEMS has not been reported up to date. This
39 lag could be attributed to fragile nature of these proteins, which might need special requirements
to be encapsulated properly.

a4 In this work, our goal was to develop a universal and facile physical entrapment method for the
46 immobilization of genetically encoded protein biosensors into a spatially patternable, 3D
hydrogel matrix. To meet this goal the matrix material must i) allow the molecular structure and
51 movement of the sensor protein required for signal transduction, ii) be porous enough to allow
53 good diffusional exchange with the surrounding fluid, iii) be optically transparent, and iv) be

able to be grown, printed or deposited on optical components for device integration. To fulfill
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these four criteria, we selected water-soluble and photocrosslinkable, polyethylene glycol
diacrylate (PEGDA) as a precursor to fabricate our protein encapsulation matrix. The diacrylate
moieties provide a means to control the polymerization via photocrosslinking and the PEG
moieties offer stealth and volume exclusion effects that can effectively stabilize the protein and
reduce steric constraints while retaining bioactivity'*".

We chose the engineered protein, GCaMP3, as a model sensor protein. The GCaMPs are
a family of single-fluorescence genetically encoded calcium indicators (GECIs) that have been
extensively characterized and used for in vivo calcium imaging across multiple model
organisms>'*'>. GCaMP3 consists of a circularly permuted enhanced green fluorescence protein
(EGFP, Ex/Em 488 nm/512 nm) flanked between the calcium binding protein, calmodulin, and
the calmodulin binding peptide M13 (Fig. 1a). When exposed to calcium, the interaction of
calmodulin with M13 induces changes in the fluorophore environment leading to an increase in
the emitted fluorescence” (Fig. 1a). The GCaMPs have been primarily expressed in brain tissue
to image neuronal network activity and have therefore been optimized for this purpose. Because
the local environment influences the signal output and because ligand-induced conformational
changes are necessary for sensor function, the translation of GCaMP from cellular to a synthetic
polymeric environment with different polarity and limited molecule flexibility may have an
impact on protein response, bioactivity, and stability. For this reason, we first investigated the
effect of the photopolymerization conditions and polymer matrix properties on GCaMP3
function. We then optimized these parameters based on sensor performance and demonstrated

the use of this matrix system to build a GEMS based calcium micro-optrode.

2. EXPERIMENTAL SECTION
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2.1. Chemicals and materials

PEG300DA (M, 300 Da), PEGso DA (M, 500 Da), and PEG74DA (M,, 740 Da) were received
as a gift from Sartomer Company, Inc. (Exton, PA). PEG3400DA (Mn 3400 Da) was purchased
from Alfa Aesar (Ward Hill, MA). All monomers were used as received. The photoinitiator, 1-
[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one, IR2959 was a kind gift

from Ciba Specialty Chemicals.

2.2. Protein expression, purification and characterization

The calcium binding protein (GCaMP3) was expressed and purified using a previously
published protocol’. Protein concentration was determined by using a Nanodrop ND-1000
Spectrophotometer. Calcium calibration buffers were made with 10 mM blends of CaEGTA and
K,EGTA in 30 mM MOPS and 100 mM KCLKOH at pH 7.4'°. Free [Ca*'] levels were
calculated using Maxchelator!’. Fluorescence spectra (Aexpeak = 470NM, Aempeak = 512 nm) were
recorded using a SpectraMax MS5 fluorescent plate reader (Molecular Devices). The
fluorescence emission was normalized according to the equation: (F-Fpin)/(Fmax-F). F is the
fluorescence emission intensity at any calcium concentration. Fy,.x is the fluorescence emission

intensity at saturating 39 pM [Ca®'], and Fyy;, is the fluorescence intensity at zero [Ca].

2.3. Characterization of precursor solution

The effect of photoinitiator (1% w/w), UV exposure times (0, 10, 30, 60 and 300 seconds) and
the presence of PEGDA (10% w/w PEG74DA) on protein bioactivity was investigated.
GCaMP3 biactivity test was performed in a 96-well plate. Each well with 10 uM protein (in 30

mM MOPS, 100 mM KCI;KOH at pH 7.4) was irradiated with UV light via a 1000 pm core
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multimode fiber (2 W c¢m™, 325 nm Omnichrome Series 74, He/Cd gas laser) for the specified
periods of time. The power density at the end of multimode optical fiber was calculated
assuming a Gaussian beam profile. The dynamic range, (Fyax/Fimin), Wwas monitored by adding
calcium-saturated (39 uM free calcium) and calcium-free (0 M) buffers to three adjacent wells
for each treatment. Precursor solutions (10% w/w of PEGsoDA, PEG74DA, PEG3400DA with
1% w/w IR2959) were prepared in standard 1-cm wide disposable cuvettes, and optical
attenuation was calculated from optical transmission measurements obtained from Varian Cary
50 UV-VIS Spectrophotometer (Agilent).

For swelling experiments, PEG hydrogel discs were prepared by varying PEGDA molecular
weights (500, 740 and 3400 Da) and concentrations (10%, 20% and 30 %w/w) with 1% w/w
IR2959. To form the disks of fixed thickness, 50 uL of each hydrogel precursor solution was
carefully injected between two glass plates of a custom-made glass mold (Supporting
information Fig. S1) so that they formed a stable disc shaped droplet held by surface tension. The
liquid discs were than crosslinked in place via exposure to UV light for an hour (CL-1000 UV
crosslinker). The discs were then placed into MOPS buffer overnight, and the swollen weights
were recorded the next day. Swollen discs were lyophilized to a constant weight. The swelling
ratio was determined by using the following equation: swelling ratio (SR)= (Ws-W4)/W4, where
W, and W, represent the mass of swollen hydrogel and the mass of dried hydrogel, respectively.
Mesh sizes and crosslinking densities of hydrogel discs with different precursor compositions
were estimated using Flory-Rehner model'®!® (details of calculations are provided in Supporting

information S1).

2.4. Microtip fabrication
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A Helium-Cadmium (He/Cd) laser (Omnichrome Series 74) with two lines (325 nm and 442
nm) was used as the UV light source for the microtip fabrication. A short pass filter (400 nm,
Edmund Optics) was used to filter out the 442 nm laser line. Neutral density (ND) filters
(Edmund optics) were introduced into the setup to attenuate the laser power when necessary. The
transmitted 325 nm laser line was coupled to the fiber optic patch cable through an UVFS plano
convex lenses (LA4306, Thorlabs). A high-OH multimode optical fiber for 250- 1200 nm (50
um core/125 pum cladding, 0.22 NA, Thorlabs) was used as the sensing element for microtip
fabrication. For all experiments, the fiber bare end was clipped and then cleaved using FC-6S
Optical Fiber Cleaver (Sumimoto Electric Lightwave). The output power of 325 nm laser line
was monitored using a laser power meter (PM100A, Thorlabs) and controlled with a xyz micro
positioner. The recombinant fusion protein, GCaMP3 was added to the precursor solution of
PEGDA and IR2959. Protein-based precursor solution was then filled in a borosilicate glass tube
and mounted on the opposite xyz manipulator (Supporting information Fig. S2). The fiber end
face was aligned to the borosilicate glass tube and carefully inserted in the photopolymer
solution. Microtip growth was then initiated for 10 seconds with the set laser power using a
custom shutter assembly trigged by a pulse generator (BNC, Model 555) (Supporting
information Video 1). The microtip sensor was rinsed first in EtOH and then in MOPS buffer

repeatedly to remove excess uncured precursor solution.

2.5. Optimization and Characterization of microtip sensor
The set-up for the characterization of the resulting sensors is shown in detail in the Supporting
Information Fig. S3. GCaMP3 doped sensor microtips were evaluated by measuring the

fluorescence response when dipped into buffer solutions of known free calcium concentrations.
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Microtips were excited using a 470 nm LED (LLS470, Ocean Optics Inc.) and fluorescence
spectra were collected using a commercial fiber coupled spectrometer (QE Pro miniature fiber
optic spectrometer, Ocean Optics Inc.) (Fig. 1b).

The precursor solution parameters, final protein concentration (0.5 mg/ml, 1 mg/ml, 2 mg/ml),
PEGDA molecular weight (500, 740 and 3400 Da), and PEGDA concentration (10%, 20%, and
30% w/w) as well as irradiation parameter, laser power (0.5 uW, 1 uW, 2uW, 4uW, 8uW) were
optimized in terms of dynamic range (Fyax/Fmin), sensor length and response time. The images of
microtips were taken with a CMOS camera (MU1000, AmScope) on an inverted light
microscope (Olympus, CKX41). Images were analyzed for tip length using the image processing
software, ImagelJ. Sensor response time within the linear sensing range was calculated as 95% of
the time taken to respond to a change in analyte concentration. The morphology of microtip
sensors was examined by cryo-scanning electron microscopy (cryo-SEM, Nova NanoSEM, FEI).
Flash freezing of microtips was achieved using liquid nitrogen slush. After sputter coating with
platinum, imaging was performed under vacuum.

For the rest of the characterization experiments, precursor solution of 1 mg/ml final GCaMP3
concentration, 10% PEG74DA and 1% IR2959 in MOPS buffer was cured for 10 sec with the
laser power of 1 uW to fabricate the sensors. To examine the sensor stability, change in the
dynamic range of the sensor was monitored for four weeks. The stability measurements were
performed by switching the sensor from zero-calcium to calcium-saturation buffer and leaving
the sensor in zero-calcium buffer between measurements. The effect of PEGDA molecular
weight (PEG74DA and PEG3400DA) on the protein-release rate was determined over the course
of six hours by taking hourly measurements of the fluorescence emission intensity in high

calcium buffer (39 uM, free calcium). Sensor stability was reported as a change in dynamic
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range. The excitation light intensity (12.5 nW, 25 nW, 50 nW and 75 nW) was modulated to
investigate the photobleaching effect of excitation light source on the sensor. During these
measurements, sensors were continuously exposed to the light for three hours. The ratio of F/F
was used to express the fluorescence intensity change relative to its starting signal. F is the
fluorescence emission intensity at any time and F is the fluorescence emission intensity at time
Zero.

Sensor selectivity was tested for two common physiological relevant divalent cations, zinc
(Zn(IT)) and magnesium (Mg(II)). The ratio of F/F,,;, was used to evaluate the sensor response to
free zinc, magnesium and calcium ions at the highest concentration levels. Following equation
was used to calculate the free zinc concentration; [Zn” ]=K[ZnEGTA]/[EGTA]. K4 of EGTA
for zinc at pH 7 was taken as 7.09 nM and increased by 0.02 log unit per 0.01 increase in pH .
Free [Mg2+] level was calculated using Maxchelator.

Sensor microtip calibration was carried out via sequential insertion into buffers with known
[Ca+2] free Made using stock solutions of CaEGTA and K,EGTA at pH 7.4. (F-Fin)/Fmin Was
plotted against [Ca+2] free cOncentrations and was fit to Hill equation to determine Ky and
sensitivity of the sensor. K4 (dissociation constant) was calculated by according to the Hill
equation, Y = X"/(K4" + X"). All measurements were conducted in triplicate and data points were
collected every 100 ms averaging fluorescence emission intensity between 512 and 515 nm. The
limit of detection (LOD) was determined using the Hill equation at 3.3 times of the standard
deviation of background?'.

2.6. Statistical analysis
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All experiments were performed in triplicate. All statistical analyses were implemented using
statistical analysis software (Origin Pro). Analysis of variance (ANOVA) with Tukey’s post-hoc

test was used for statistical evaluation of experimental data (p < 0.05).

3. RESULTS AND DISCUSSION

3.1. Evaluation of irradiation parameters and precursor solution components

3.1.1. GCaMP3 activity can be retained by carefully monitoring photopolymerization
parameters

Ligand induced conformational change in the protein is crucial for sensor function. The
conditions of photopolymerization create a new local physical and chemical environment around
the GCaMP3 protein, which can alter both protein-ligand binding affinity and ligand induced
structural changes®. Therefore, we first investigated the effect of the photopolymerization
parameters on GCaMP3’s fluorescent response to Ca™. Protein activity with respect to its
dynamic range was defined as the ratio of calcium-saturated GCaMP3 fluorescence emission
intensity to calcium-free emission intensity (Fpax/Fmin). Each parameter of in situ
photopolymerization, including UV light exposure, presence of photo-initiator and polyethylene
glycol diacrylate (PEGDA) was evaluated individually and in combination by using Fyax/Fin.

High intensity or deep UV exposure (wavelength < 365 nm) can cause protein denaturation’,
and therefore prolonged exposure of UV during photopolymerization might cause detrimental
outcomes to GCaMP3 function. In this case protein activity dropped significantly when
GCaMP3 was exposed to UV light alone (no photo-initiator) at all tested UV exposure times but
this activity loss was not further intensified over time (Fig. 2a). Next we examined the impact of

UV exposure in the presence of photoinitator (PI), Irgacure 2959 (IR 2959). 1R2959 is the most
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commonly used commercially available photoinitator for photoencapsulation of cells, proteins
and other biomolecules into hydrogel scaffolds owing to its well-proved efficiency and
cytocompatibility**2. Highly reactive free radicals, however, are released during
photopolymerization as a result of the UV-induced decomposition of the photoiniator. These free
radicals can attack aromatic, sulfur-containing amino acid side chains and C-H sites on proteins
and thereby, lead to protein oxidation and degradation®*. In the case of GCaMP3, protein activity
remained constant upon addition of photoinitiator before light exposure, but decreased
progressively in the presence of PI and prolonged UV exposure (more than 10 seconds) leading
to significant loss in protein activity (Fig. 2a). Furthermore, UV induced activity loss was more
pronounced in the presence of photoinitiator compared to UV light alone suggesting possible

protein denaturation due to light-induced generation of free radicals by photoinitiator.
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Figure 1. GCaMP3 and sensor characteristics. a. Fluorescence spectra of GCaMP3 in the
absence and presence (39 pM) of calcium in MOPS buffer. The fluorescence intensity of each
measurement was normalized to the peak of calcium saturated spectrum. The cyan and blue
colored lines indicate GCaMP3 excitation spectrum in calcium-free buffer and in calcium-
saturated buffer while dark cyan and green colored lines show GCaMP3 emission spectrum in
calcium-free buffer and in calcium-saturated buffer, respectively. b. Schematic representation of
GCaMP3 optrode. Hydrogel protein sensor was grown at the end of a multimode optical fiber.
GCaMP3 consists of a cpEGFP (green) flanked between calcium binding protein calmodulin
(blue) and calmodulin binding peptide M13 (magenta). PDB:3SG3. GCaMP3 sensor was excited
with 470 nm LED light (represented by the blue arrow) and emitted light was collected at 512
nm (represented by the green arrows) as the sensor response. Upon calcium binding, interaction
of calmodulin with M 13 induces conformational changes in the fluorophore environment causing

an increase in fluorescence emission.

We hypothesized that PEGDA might offer some protection to the protein during
photopolymerization. To explore the effect of PEGDA on free radical mediated protein
denaturation, PEGDA (740 Da) was added to the precursor solution (10% w/w) and exposed to
UV light for varying durations. The introduction of PEGDA preserved the protein activity and
even increased the activity slightly above that of control sample (protein before light exposure) at
all exposure times. Previous studies have shown an increase in fluorescence emission signal from
the enhancement in quantum yield in the presence of PEG®. Further, adding PEGDA into
photoinitiator-protein precursor solution likely decreased the effect of free-radical mediated

activity loss, and this loss only became significant at UV exposure of 60 seconds. Protein
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activity retention at lower exposure times could be attributed to stealth and shielding properties
coming from PEG backbone of PEGDA, which might restrict the interaction between free
radicals and protein by increasing solution viscosity’>. Additionally, free radicals generated by
photoinitiator tend to attack and propagate through multiple carbon-carbon double bonds of
monomer (acrylate functional groups of PEGDA) *°. Thus, the presence of acrylate groups on
monomer might also provide some protection for the protein by acting as a free radical
scavenger” .

Regardless of activity loss at long exposure times, good GCaMP3 activity could be maintained
in a PEGDA matrix by minimizing the irradiation time even under high UV energy exposure (2

W/cm?). These initial results were used to set the UV exposure time for the remaining studies.
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Figure 2. Effect of photopolymerization parameters (UV light exposure, presence of
photoinitiator, PI and PEGDA) on GCaMP3 activity (a) and optical attenuation of the
resulting matrix (b). a. Exposure to UV light (325 nm, power density of 2 W/cm? at the end of

1000 pm core multimode fiber) caused significant reduction in GCaMP3 activity as measured by
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the ratio of the maximum and minimum fluorescence response to high and low calcium
concentrations. The addition of photoinitiator (1% w/w) resulted in a more pronounced activity
loss at longer UV exposure times (>10 seconds). The introduction of PEG74DA (10% w/w)
showed no change in protein activity. Similarly, the combination of PEGDA with photoinitiator
did not produce a significant loss in protein activity except for 60 seconds of UV exposure
suggesting that PEGDA provides some protection for protein. One asterisk (*) indicates 0.05
significance level. b. Spectral attenuation for PEG hydrogels with different PEGDA molecular
weights. PEGDA molecular weight can be used to tune the optical attenuation of precursor

solution.

3.1.2. Optical transparency of precursor solution depends on the PEGDA molecular weight.

Optical transparency of the precursor solution is crucial for spatial resolution of the microtip as
well as proper excitation of the protein and collection of the emitted fluorescence signal at the
end of optical fiber. To optimize the precursor compositions, we measured the attenuation
spectra of hydrogels with different molecular weights of PEGDA. Low molecular weight
PEGDA (0.3 kDa) created white opaque strongly scattering precursor solutions (Supporting

information Fig. S4a) and thereby, led to the greatest optical loss (=30 dB cm™) in the visible

range (400-700 nm) (Fig. 2b). The optical transparency of the precursor solutions noticeably
increased with PEG molecular weight over 300 Da and precursor solution made from the higher
molecular weights PEG monomers (PEGso0DA, PEG74DA, and PEG3400DA) showed better
optical transparency and so, lower attenuation in the visible range compared to PEG3p0DA. The
solubility of PEG comes from hydrogen bond formation between the electron-rich ether oxygen

of PEG and water molecules™. As the linear chain length of PEG increases and so does the
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chance of hydrogen bonding formation between water molecules and oxygen atoms in the

monomer chain.

3.2. Effect of Photopolymerization Conditions on Microtip Optrode Geometry and
Sensor Performance

3.2.1. The uniform refractive index fluctuation and thereby, microtip growth depends primarily
on the optical transparency of the precursor solution

Sensor microtip geometry is primarily defined by the self-focusing of the light beam as a result
of the refractive index change during photopolymerization®”. As the monomer crosslinking
proceeds upon light exposure, pore formation leads to refractive index modulation at the
solid/liquid interface and reduces the transparency of the solution leading to microtip formation
through self-focusing effect’””. Among the precursor solutions tested, successful hydrogel
microtip formation was observed with the ones made from the higher molecular weights PEG
monomers (PEGso0DA, PEG74DA, and PEG3400DA) at the end of the optical fiber. However,
precursor solution made from low molecular weight, PEG3;0DA did not produce any hydrogel
microstructure at the end of the fiber by blocking the UV light (UV power set to 5 pW at the end
of 50 um core multimode optical fiber) propagation (data not shown). Taking all these into
consideration, microtip characterization experiments were performed using PEGsy DA,

PEG74DA, and PEG3400DA in order to create reproducible microtip structures.

3.2.2. Optrode microtip geometry and sensitivity can be controlled by adjusting UV light

intensity.
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The microtip geometry (sharpness and length) of the sensor material at the end of the optical
fiber can be altered by controlling the energy of incident radiation, which depends on the UV
laser power and exposure time. Based on results summarized in Fig. 2a, irradiation time was
fixed at 10 seconds by setting the laser power density below 2 W/cm? (at the end of 50-um core
multimode optical fiber) to minimize any detrimental effect coming from high UV energy
exposure on protein activity. Irradiation power was varied for 10 seconds from 0.5 to 8 uW
corresponding to power densities of 0.1 and 0.8 W/cm?, respectively. Hydrogel polymerization
did not occur reliably on the optical fiber after 10 seconds when irradiation power was below 0.5
uW suggesting that the total incident energy applied was lower than threshold energy of
polymerization under those given conditions. Threshold incident energy of polymerization is the
minimum energy required to initiate the photochemical reaction and thereby
photopolymerization **. To obtain a reasonable microtip length after 10 seconds of light
exposure, the total irradiation power was varied from 0.5 pW to 8 pW at the end of 50 pm
diameter core multimode optical fiber using a combination of neutral density filters. The
microtips became progressively longer and more distorted in shape upon exposure to higher laser
powers (Fig. 3a-e). Microtip shape distortion would be ascribed to poor structural integrity of the
hydrogel matrix that can easily bend or collapse at geometries of high aspect ratios. Even though
tips grown at 0.5 uW showed the best response times when switching from zero-calcium to
calcium-saturation and from calcium-saturation to zero-calcium buffers (Supporting information
Table S1), maximum sensor calcium response was observed with microtips fabricated using UV
laser power at 1.0 uW. Lower calcium response of sensors made at 0.5 uW is the result of small
sensor sizes leading to inadequate sensor protein concentration, which in turn resulted in

insufficient signal to noise during testing. Sensors fabricated at the power levels above 2 uW
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resulted in distorted tip shapes, long response times and low calcium response probably due to
large bulky sensor sizes and the resulting poor diffusion rates. Therefore, optrode microtips were

grown at 1 uW for the remainder of the characterization experiments.

a. b.

Figure 3. The hydrogel microtip became longer but more distorted in shape with increase in UV
light intensity used for sensor fabrication. The overlay of fluorescence and bright field images of
microtips grown from the precursor solution composed of 10% w/w PEG740DA, 1% w/w IR2959
and 0.25 mM GCaMP3 protein concentration using UV laser power at a. 0.5 pyW b. 1 uW c. 2

uW d. 4uW e. 8 uW (scale bars:100 um) for 10 seconds.

3.2.3. Protein concentration within the hydrogel matrix can affect sensor sensitivity
significantly below a minimum concentration.

The resolution and sensitivity of any sensor depends on the signal to noise (S/N) ratio. Being
nearly isotropic, fluorescence is emitted in all directions, causing only 1% or less of the total
fluorescence emission signals to be collected with typical sensor geometries and
photodetectors”'. Thus, the optimization of a biorecognition element concentration is crucial for
defining sensor sensitivity. The normalized maximum calcium response, Fyax/Fmin, of the sensors
grown using different GCaMP3 concentrations (0.25, 0.5 and 1.0 mM) was measured to
determine an optimum protein concentration within sensor hydrogel matrix (Supporting
information Fig. S4b). The normalized maximum calcium response of the sensor did not show a

significant increase when the final protein concentration was at or above 0.5 mM in hydrogel
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matrix. Sensor microtips were therefore grown at a final protein concentration of 0.50 mM for
the remaining studies to collect reasonable fluorescent signal as well as to minimize the amount

of protein used in the sensor hydrogel matrix.

3.2.4. Structural properties of the sensor matrix and in turn sensor performance are governed
by monomer molecular weight and concentration in the precursor solution.

The geometry and microstructure of the sensor matrix will have a direct effect on the sensor
performance and should ideally be tunable for different applications. A sensor hydrogel matrix
should have structural properties that ensure the transport of the ligand and allow for ligand-
induced conformational changes of the protein for signal transduction while minimizing sensor
protein release (i.e. leaching) from the matrix. The ability to tune hydrogel properties by varying
monomer molecular weight and concentration in the precursor solution can be used to obtain a

network fulfilling aforementioned requirements'*>

. We optimized microtip geometry and the
matrix microstructure by systematically varying the molecular weight and concentration of
PEGDA monomer in the hydrogel precursor solution.

We first fabricated hydrogel discs to understand the effect of different precursor compositions
on network properties, namely crosslinking density, mesh size and swelling ratio using

equilibrium swelling theory'®~>

(Fig. 4a and 4e). Significantly high swelling ratios with low
crosslinking densities were obtained when molecular weight of PEGDA was increased from 500
to 3400 Da at the same monomer concentration, 10% w/w, in the precursor solution (Fig. 4a).

Loosely crosslinked hydrogel network of PEGsspDa also resulted in significantly large mesh

sizes. On the other hand, more densely packed networks were created with higher crosslinking
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densities when monomer concentration was increased from 10 to 30% w/w in precursor solution
of PEG749DA (Fig. 4e).

Along with bulk the hydrogel properties deduced from the equilibrium swelling theory, we
used cryogenic-temperature scanning electron microscopy (cryo-SEM) to obtain more direct
knowledge regarding the fully hydrated microtip surface morphology. Increasing the PEGDA
monomer molecular weight resulted in larger surface pores with more honeycomb-like
microstructure but had no significant impact on the microtip size at given PEGDA concentration
of 10% w/w (Fig. 4b-d; Supporting information Fig. S5-S7a). On the other hand, increasing the
PEGDA monomer concentration in precursor solution of PEG74DA created highly crosslinked
hydrogel network with progressively longer microtips because of the increase in crosslinking
density (Fig. 4f-h; Supporting information Fig. S6-S7b). Such a significant change in microtip
size can also be explained by an increase in available acrylate groups, which causes more layers
to be built on top as UV light propagates through the precursor solution. Overall, structural

properties of bulk hydrogel showed good correlation with microtip surface morphology.
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Figure 4. Structural properties of hydrogel matrix and microtip morphology are affected
significantly by PEGDA molecular weight and concentration in the precursor solution. a.
Larger swelling ratios and mesh sizes (¢) with corresponding low crosslinking densities (pc)
were obtained when molecular weight of PEGDA was increased from 500 to 3400 Da. The
representative cryo-SEM images of hydrogel microtips fabricated from 10% (w/w) of b.
PEGspDA, ¢. PEG4 DA, d. PEG3400DA showed similar trend with estimated structural
properties of bulk hydrogel samples (scale bars: 5 um). e. Highly crosslinked (p.) hydrogel
matrix with smaller swelling ratios and mesh sizes (¢) were obtained when the concentration of
PEG740DA in the precursor solution increased from 10 to 30% (w/w). Similar trend was
observed with the representative cryo-SEM images of microtips made with PEG740DA
concentration of f. 10%, g. 20% and h. 30% (w/w) in the precursor solution respectively (scale

bars: 5 um). Treatments (n=3) with no letters in common are significantly different (p< 0.05).
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As shown above, the sensor’s hydrogel network impacts the photopolymerization and resulting
microtip structure during sensor production. In addition, the resulting pore structure should
impact diffusion of analyte to the sensor protein and the retention of the sensor protein during
use. Thus, the final sensor response time and stability will also be directly affected by the
PEGDA molecular weight and concentration. In both cases, the hydrogel mesh size relative to
the size of analyte/protein is the major factor affecting the diffusion rates®*.

We next characterized the microtip sensors of various PEGDA molecular weights (500, 740
and 3400 Da) at the same concentration (10%w/w) to determine how different precursor
composition and thereby, hydrogel network properties affect protein sensor performance. Sensor
performance was evaluated in terms of calcium response times (Fig. 5a) and normalized
maximum calcium response (Fig. 5b). Significantly long calcium response times were observed
with hydrogel microtips fabricated from PEGsoDA while sensors grown with PEGss0 DA
showed the best response times (Fig. 5a). As examined before in Fig 4a., increasing PEG
molecular weight led to lower crosslinking density and larger mesh sizes that might facilitate
rapid diffusion of analyte into hydrogel network and result in better response time. However,
sensors grown with PEGs400DA were mechanically unstable and easily detachable from fiber
core during rinsing steps leading to the lowest sensor dynamic range. A clear tradeoff between
diffusion rates and structural integrity was observed at longer chain lengths. This general
tendency would be an effect of poor crosslinking density with insufficient structural integrity at
longer monomer chain length. In contrast, there was no apparent trend for normalized maximum
calcium response of sensors grown with different PEG molecular weights (Fig. 5b). In this case,
significantly low normalized calcium response was obtained with sensors made with PEG3409DA.

Such variation in sensor calcium response can be explained with highly porous microstructure of
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sensors fabricated from PEGs400DA (Fig 4d), which might bring in the possibility of sensor
protein leachout and thereby, decrease signal to noise ratio.

To address this concern, fluorescence emission signal of GCaMP3 from microtip sensors made
with PEGDA molecular weights of 740 Da and 3400 Da was examined. These studies were
designed to measure protein leaching and measurements taken hourly for 1 minute in high
calcium buffer to minimize photobleaching. As presented in Fig. 5Sc, fluorescence emission
signal dropped drastically (30% loss in the signal) after the first hour of monitoring in the case of
the sensors fabricated with PEG3400DA. This sharp drop in fluorescence emission was a clear
indication of sensor protein leachout from microtip hydrogel matrix of PEG3400DA because of
observed large mesh sizes (Fig. 4a) and surface macropores (Fig. 4d). However, fluorescence
signal reduction of microtip sensors made with PEG74DA remained around 10% even after 6
hours of monitoring. PEG74DA gave the best sensor performance among the monomers tested.
Sensor microstructure or mesh size might be the primary parameter defining sensor sensitivity
because of the inverse relationship between network density and mesh size. Densely packed
hydrogel network might restrict ligand-induced conformation change and in turn lower sensor
dynamic range. Mesh size of hydrogels fabricated with PEG74DA (Fig. 4a) might be small
enough to restrict diffusion of GCaMP3 greatly while providing a confined space that enables a
favorable protein conformational change. Thus, all optimization experiments were performed
with sensors fabricated using PEG749DA in the following studies.

We also examined the performance of microtips grown with varying concentrations of
PEG740DA (10%, 20% and 30% w/w). Sensor dynamic range decreased significantly at higher
hydrogel matrix monomer concentrations (Fig. 5d) when PEG7490DA concentration was increased

from 10 to 30% (w/w) in the precursor solution exhibiting again the strong correlation between
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sensor performance and mesh size. In addition, microtip sizes and in turn sensor response times
dramatically increased with concentration (Supporting information Fig. S7b-c). Observed trend
in sensor performance with increasing PEG749DA concentration can be explained by higher
crosslinking densities (Fig. 4e) and smaller surface pores (Fig.4f-h) of microtips that might
restrict sensor protein movement required for signal transduction as well as calcium diffusion
within the hydrogel matrix. Therefore, the remaining optrode performance characterization
experiments were conducted using hydrogel micro-optrodes fabricated from a fixed PEG74DA
concentration of 10% (w/w). Overall, strong correlation between sensor performance and

hydrogel structural properties was observed.
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Figure 5. Micro-optrode sensors grown with intermediate PEGDA molecular weight result
in the best combination of dynamic range, response time, and stability. a. Sensor response
times decreased drastically with increasing PEGDA molecular weight in precursor solution when
switching from zero-calcium to calcium-saturation and from calcium-saturation to zero-calcium
buffers. b. Sensor calcium response significantly affected by PEGDA molecular weight used in
precursor solution and the best calcium response was observed with micro-optrodes grown with
PEG749DA. Fpax: calcium-saturated GCaMP3 fluorescence emission intensity, Fi,: calcium-free
GCaMP3 fluorescence emission intensity. ¢. Protein release from microtip sensors was
monitored as fluorescence signal reduction over time and the highest release was obtained with
microtips fabricated from PEGj400DA at all time points. F: GCaMP3 fluorescence emission
intensity at a given time, Fo: GCaMP3 fluorescence emission intensity at time zero. d. Sensor
calcium response revealed a significant decreasing trend with PEG74DA concentration when
monomer concentration was increased from 10 to 30% (w/w) in the precursor solution.

Treatments (n=3) with no letters in common are significantly different (p< 0.05).

3.3. Sensor stability

Protein-hydrogel sensors should show functionally stable characteristics over a period of time
(from weeks to months) for practical sensor applications. The long-term stability of hydrogel-
based sensors mainly depends on the hydrogel structural integrity and biomolecule stability. To
investigate this issue, sensors fabricated with PEG74DA were stored at room temperature in the
buffer for four weeks and sensor dynamic range change (Fpax/Fmin) Was monitored during this
period. Microtip sensor signal showed an insignificant decrease in the first two weeks compared

to the initial value and stabilized after the third week (Fig. 6a). This decrease would be
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attributed to degradation of PEGDA in the buffer’ and so substantial increase in protein release

from the microtip as well as protein degradation over time.
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Figure 6. Microtip sensor stability over time (a) and varying excitation light powers (b) . a.

Sensor normalized calcium response decreased gradually in the buffer over 4 weeks. One

asterisk (*) indicates statistically significant difference between the mean of Fy,ax/ Fnin at the

given time compared to the mean at time zero (p<0.05). Fp.: calcium-saturated GCaMP3

fluorescence emission intensity, Fy,: calcium-free GCaMP3 fluorescence emission intensity. b.

Photobleaching of fluorescence emission signal of GCaMP3 was severe when microtip sensor

was excited at high LED (470 nm) power levels (>25 nW), but almost no photobleaching was

observed when excited with LED power intensity of 12.5 nW over 3 hours continuously. F:

GCaMP3 fluorescence emission intensity at a given time, Fo: GCaMP3 fluorescence emission

intensity at time zero.

3.4. Photobleaching of protein optrode
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Photobleaching of fluorescent protein and in turn lower emission signal can reduce the
maximum attainable sensitivity (S/N) of the sensor. Photobleaching can be defined simply as
irreversible fluorescence loss upon excitation light exposure. This loss takes place when
fluorophore molecule in the excited singlet or triplicate state undergoes detrimental
photochemical reaction with a reaction rate that is a function of the excitation light intensity*®. In
this regard, we monitored the change of sensor fluorescence emission intensity over 3 hours
upon continuous exposure to varying excitation light intensities (Fig. 6b). Fluorescence signal of
sensors compared to that of time zero dropped significantly after 20, 30, 60 and 140 minutes
continuous exposure to the excitation LED power of 75 nW, 50 nW, 25 nW and 12.5 nW,
respectively (p<0.05). Overall increasing the excitation light power caused a reduction in the
fluorescence emission but this reduction was less severe at the low power levels of 12.5 nW and
25 nW (below 10% fluorescence emission loss after 3 hours). Therefore, we performed all
calibration and sensitivity experiments with the excitation LED power of 12.5 nW to minimize

the photobleaching effect during the measurements.

3.5. Sensitivity and selectivity of the micro-optrode sensor

Based on the above studies, PEG74DA was selected and used at a concentration of 10% w/w
in the precursor solution for the final calcium sensor design. Hydrogel sensors were fabricated
using UV laser power at 1 uW for 10 seconds (as discussed in Section 3.1.1 and 3.2.1). We then
characterized the sensor’s performance and measured the effective binding affinity, limit of
detection, dynamic range, sensitivity, reversibility, and selectivity for calcium relative to other

divalent cations.
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To determine the effective binding affinity (K4) for calcium, the sensor response to varying
free calcium concentrations in MOPS buffer was measured and compared to the response of free
protein in buffer (Fig. 7a). Using a Hill equation model, an effective K4 of GCaMP3 in buffer
was found to be 194+4.46 nM with Hill coefficient of 2.6, consistent with previous reports for
GCaMP3*’. Surprisingly, the calcium-binding affinity of GCaMP3 when incorporated into
microtip optrode increased to an effective K4 of 122+4.81 nM with Hill coefficient of 1.4
(R*=0.998) (Fig. 7a). PEG could be responsible for this effect through a couple of possible
mechanisms. First, the increased binding affinity could be attributed to fluorescence quantum
yield enhancement in the presence of PEG® enhancing the measured response. Alternatively,
PEG might stabilize a conformational state of the protein and increase the affinity or accessibility
of calcium binding sites.

The limit of detection (LOD) was calculated using 3.3 times the standard deviation of the
intensity of the background signal and the standard deviation of background signal was measured
to be 0.111 (n = 48). After fitting the standard deviation of background signal into Hill equation,
the LOD of sensor for free calcium was calculated to be 4.3 nM. The calcium titration curve
indicated a good linear relationship between the logaritmic values of fluorescence intensity ratio
of (F-Fpnin)/(Fmax-F) and of free calcium concentration in a range of 39 nM to 1 uM (R2=0.99)
(Fig 7b). The linear range of GCaMP3 remained unchanged for the sensor relative to the protein
in solution. We also investigated the reversibility of the sensor by repeatedly exposing the
optrode to 0 and 39 uM free calcium in 30 mM MOPS, 100 mM KCI;KOH at pH 7.4. As shown
in Fig. 7c, the sensor was highly reversible and returned to roughly the same fluorescence

emission signal, even after 3 cycles of low to high calcium buffer exposure.
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41 Figure 7. Microtip sensor calibration, reversibility and selectivity. a. Calcium titration curve
43 of GCaMP3 in buffer and when embedded into hydrogel microtip. Calcium binding affinity of
46 GCaMP3 in buffer was calculated to be 194 nM while Ky of sensor was found to be 122 nM.
48 Solid curves represent fits to the Hill equation. LOD of the sensor was calculated to be 4.3 nM b.
Logarithmic titration curves of protein and sensor showed a similar linear range from 39 nM to 1
53 uM c¢. Microtip sensor signal was highly reversible. Arrows show the time points at which the
55 calcium-free buffer was switched to the corresponding concentration on the figure. d. GCaMP

protein optrode was highly selective to calcium over other divalent cations at physiologically
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relevant free ion concentrations. Mg (II): 5 mM; Zn(Il): 5 nM; Ca(Il): 39 uM. F: fluorescence

emission at given ion concentration; Fpi,: fluorescence emission in ion free buffer.

The selectivity of sensor was evaluated by comparing the calcium response to other divalent
cations (magnesium and zinc) (Fig. 7d). Sensor fluorescence emission response was measured
when exposed to physiologically relevant free ion concentrations of magnesium (Mg(Il)) and
zinc (Zn(I)); 5 mM™® and 5nM*, respectively. Calmodulin (CaM) is the calcium-binding
domain of GCaMP3. CaM has two globular domains (C- and N-domains), and there are two
helix-loop-helix calcium-binding motifs (EF-hand motifs) within each domain®’. CaM reorients
its four-helix bundles upon binding calcium. Mg(Il), as being the closest divalent homologue of
calcium, caused a slight increase in sensor fluorescence emission response at the highest
physiologically relevant concentration tested (SmM) (Fig. 7d). Even though Mg(Il) binding to
calmodulin is not expected to induce any conformational changes that is characteristic of calcium
binding, N-domain of CaM has low binding affinity for Mg(II) in the absence of calcium®' which
might explain small increase of sensor response. Zinc produced no detectable change in
fluorescence emission response. As previously reported*’ when Zn (II) binds to CaM, it does not
induce any global conformational change and so causes no change in GCaMP fluorescence
emission. In conclusion, GCaMP optrode retained its high selectivity for calcium over other
divalent cations such as Mg (II) and Zn (II) in the PEG acrylate hydrogel environment of the
optrode sensor.

4. Conclusions

Optically transparent, spatially definable, and biocompatible hydrogels are in demand for
biophotonic applications including biosensing. While various materials are available, few show

both optical transparency and compatibility with biomolecules such as proteins. In addition, the
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recent engineering of novel genetically encoded molecular sensors, which have mostly been
implemented in imaging applications, also dramatically increases the number and range of
proteins as biosensor recognition molecules. We therefore explored a PEG-diacrylate hydrogel
system as a sensor matrix for a GCaMP3, as a model genetically encoded molecular sensor. The
diacrylate monomers provide spatial patterning of sensor geometry via light induced
photopolymerization and good optical transparency. The PEG moieties in PEGDA offer a
hospitable environment for the protein and opportunity to tune the matrix microstructure and
pore size.

In this sense, we investigated the role of precursor solution composition and irradiation
parameters on the protein bioactivity during photoencapsulation and hydrogel microtip
fabrication. We demonstrated PEGDA to be a feasible protein entrapment and sensor matrix at
the end of an optical fiber. The facile fabrication scheme enabled the control of the size and
physical properties of the protein doped hydrogel microtip at the distal end of the optical fiber.

Here, we successfully encapsulated and coupled one of the most commonly used genetically
encoded fluorescent protein, GCaMP3 to a physical optical sensor. Up to now, GCaMP3 protein
has been only used for imaging purposes. With this study, we extend the use of genetically
encoded protein biosensors and develop a universal method for future biosensor applications.
The selectivity and sensitivity of sensors is still limited to protein biosensor used. These
constraints can be overcome as genetically encoded protein biosensors continue to grow and be
engineered to be more sensitive and selective. In this way, protein biosensors would even replace
the small molecule dyes in physical sensor applications in the future. The method developed
here can also be used for high-throughput monitoring of cellular metabolites. This can be

achieved by patterning photocurable material with protein biosensors on glass slides. In similar
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manner, optical sensor approach developed here can be adapted to a wireless sensor by replacing
the fiber optic spectrometer with proper microelectronics and wireless sensor networks. This

approach opens a new design for implantable optical sensors.
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Figure S1. Fabrication schematic of hydrogel discs for swelling experiments.
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Figure S4b. Sensor normalized calcium response with respect to the amount of protein inside

hydrogel matrix

Figure S5. The representative cryo-SEM images of hydrogel microtips with increasing PEG

molecular weight.

Figure S6. The representative cryo-SEM images of hydrogel microtips with increasing

monomer concentration.

Figure S7. Performance of microtip sensors grown with varying concentrations of PEG74DA.
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Table S1. Performance of microtip sensors grown with varying laser power.

Video S1. Microtip sensor growth at the distal end of multimode optical fiber.
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Fluorescence spectra of GCaMP3 in the absence and presence (39 uM) of calcium in MOPS buffer. The
fluorescence intensity of each measurement was normalized to the peak of calcium saturated spectrum. The
cyan and blue colored lines indicate GCaMP3 excitation spectrum in calcium-free buffer and in calcium-
saturated buffer while dark cyan and green colored lines show GCaMP3 emission spectrum in calcium-free
buffer and in calcium-saturated buffer, respectively.
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33 Microtip sensor signal was highly reversible. Arrows show the time points at which the calcium-free buffer
was switched to the corresponding concentration on the figure.
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