
 

Supplementary Figure 1 

Tuning the diameter of the multifunctional fibers through varying draw speed and stress during the drawing process. 

(a) Draw speed tuning over the duration of the process. (b) Diameter of the fiber measured during drawing by the time point. (c) Stress 
experienced by the fiber during the drawing. (d) Fiber diameter determined by the ratio of feed speed (0.6 mm/min) to the draw speed. 
Shaded area represents standard deviation. (e) Stability of cross-sectional dimensions for a 10-meter long section of the fiber with 200 
µm diameter (the capstan speed was 9.33 m/min). Six different cross-sections spaced by at least 1 m were measured. 
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Supplementary Figure 2 

Mechanical and electrical characterization of the multifunctional fibers. 

(a) Bending stiffness measured for a multifunctional fiber, silica optical fiber and a stainless steel microwire. Stiffness was measured by 
a dynamic mechanical analyzer (DMA, Q800, TA Instrument) in a single cantilever mode with a displacement amplitude of 50 µm. 
Shaded areas represent standard deviation (n=3). (b) Impedance of gCPE electrodes following multifunctional fiber implantation into 
the mouse brain. Impedance decreased over the course of the first 3 days of implantation and remained stable over 3 months. Number 
of samples n=6, * p < 0.05, ** p <0.01, ***p < 0.001 determined by one-way ANOVA. 1 day: p = 0.7972, 2 days: p = 0.0153, 3 days: p = 
0.0002, 1 week: p < 0.0001, 2 weeks: p = 0.0005, 1 month: p < 0.0001, 3 months: p = 0.0004, F7, 40 = 8.3. Error bars represent standard 
deviation. (c) Comparison of commercial CPE and gCPE composite electrodes. SEM images of (i, ii) commercial CPE and (iii, iv) 
composite graphite-doped gCPE electrodes. Scale bars are (i, iii) 10 µm and (ii, iv) 1 µm, respectively. Composite gCPE electrodes 
exhibit higher porosity and surface roughness than commercial CPE, which may contribute to the decrease in impedance observed in 
gCPE electrodes following a soak in a salt solution. (d) Impedance of commercial CPE and gCPE composite electrodes within 
multifunctional fibers. The impedance was measured when a sinusoidal voltage is 10mV, and Vpp is applied at 1 kHz using a LCR 
meter (HP4284A, Agilent Technologies). The impedance for commercial CPE electrodes increased proportionally to their length, 
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dominated by sheet-resistance of the material. The impedance of gCPE electrodes does not have proportional correlation with the 
length likely dominated by the tip geometry. Shaded areas represent standard deviation (Number of samples n=6). (e, f) Evaluation of 
electrical insulation within fiber probes. (e) An illustration of experimental setup for evaluation of electrical insulation. Impedance of 
gCPE electrodes was measured for the fibers in surface contact with phosphate buffered saline (PBS) solution and for the fibers 
immersed into PBS by 1-3 cm. Fiber length was fixed to 5 cm. (f) Impedances of gCPE electrodes in the multifunctional fiber measured 
for the scenarios in (e) at 1 kHz. No significant differences were identified for the immersed devices as compared to the devices in 
contact with PBS surface (Number of samples n=6, One-way ANOVA, p = 0.992, F3, 20 = 0.0323. Error bars represent standard 
deviation. (g) Evaluation of chemical stability of gCPE electrode surfaces in PBS. Cyclic voltammetry (CV) curves collected for a gCPE 
electrode within a multifunctional fiber at scan rates between 2-100 mV/s. No peaks corresponding to reduction or oxidation are 
observed within a voltage window exceeding that of extracellular potentials. 
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Supplementary Figure 3 

Optical characterization of the multifunctional fibers. 

(a) Optical transmission spectra of multifunctional fibers. The relative transmission is shown for wavelengths within the visible range 
illustrating the utility of the integrated waveguides for activation of various opsins (ChR2: 473 nm, eNpHR3.0: 589 nm, VChR1: 542 nm, 
and Chrimson: 627 nm)

1,2
. (b) Characterization of optical losses for waveguides integrated within multifunctional fiber probes. Optical 

powers for straight and bent multifunctional fiber-probes were measured at different lengths. Bending angle was 90° and radius 
curvature was 2.5 mm. The optical losses were calculated to be 1.32 dB/cm and 1.50 dB/cm for straight and bent fiber-probes, 
respectively. Error bars represent standard deviation (Number of samples n=6). (c, d) Optical losses of integrated polymer waveguides. 
(c) Infrared thermometry of a fiber probe transmitting 473 nm laser light. The temperature increase of 3.1 ⁰ C was observed at steady 
state (thermodynamic equilibrium) during continuous delivery of 10 mW of 473 nm light, which places upper boundary for simulation 
energy and duty cycle. For pulsed stimulation at 10 Hz (5 ms pulse width), which was used for experiments in vivo, the temperature 
increase was 0.8 ⁰ C. Scale bar = 500 µm. (d) Transmission losses measured for straight and dent fibers at room temperature, 20 °C 
and body temperature, 37 °C. Bending angle was 90° and radius curvature was 2.5 mm. No significance was identified between 
measurements taken at different temperatures. Unpaired student’s t-test: p = 0.6412 for flat fiber, p = 0.5419 for bent fiber. Error bars 
represent standard deviation, Number of samples n=6. (e, f) Relative optical transmission of waveguides integrated within 
multifunctional fibers during extreme bending and repeated deformation. (e) Optical transmission for multifunctional fibers measured for 
repeated bending at 180° with a 2.5 mm radius of curvature (even cycles = straight fiber, odd cycles = bent fiber). Shaded area 
represents standard deviation (Number of samples n=6). (f) Optical transmission at radii of curvature 0.5, 1, 2.5, 5, 7.5, 10, 12.5, and 15 
mm was measured for fibers bent by 90°, 180°, and 270°. Error bars represent standard deviation (Number of samples n=3). (g) Optical 
transmission losses of the integrated waveguides following multifunctional fiber implantation into the mouse brain. No statistically 
significant change in transmission loss was observed for devices implanted for up 3 months. Number of samples n=6, One-way ANOVA 
and Tukey’s comparison test were performed. p = 0.878, F7, 40 = 0.429. Error bars represent standard deviation. 
 

Nature Neuroscience: doi:10.1038/nn.4510



1. Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M. & Deisseroth, K. Optogenetics in Neural Systems. Neuron 71, 9–34 (2011). 
2. Klapoetke, N. C. et al. Independent optical excitation of distinct neural populations. Nat. Methods 11, 338–46 (2014). 

Nature Neuroscience: doi:10.1038/nn.4510



 

Supplementary Figure 4 

Optogenetic interrogation in the mouse mPFC with the multifunctional fiber probes. 

(a, b) Expression of AAV5-CamKIIα::ChR2-eYFP in mPFC following delivery through a multifunctional fiber probe. The expression was 
observed in a wild-type mouse 2 weeks following viral injection. The size of transfected region was defined by the amount of injected 
virus solution. (a) 0.1 µl and (b) 0.5 µl of virus. Scale bar = 1 mm. (c) Dependence of the amplitude of optically-evoked potentials on the 
stimulation power density in the mPFC 2 weeks, 1 month, and 3 months following injection of AAV5-CamKIIα::ChR2-eYFP (Number of 

animals n=8). All electrophysiological recordings, optical stimulation and viral delivery were performed through the multifunctional fiber 
probes. Error bars represent standard deviation. 
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Supplementary Figure 5 

Electrophysiological recordings and optogenetic stimulation using multifunctional fibers. 

(a-f) Acute electrophysiological recording and optogenetic stimulation in the mPFC of transgenic Thy::ChR2-YFP mice. (a-c) 
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Simultaneous optogenetic stimulation (wavelength λ=473 nm, power density 4.3 mW/mm
2
, 5 ms pulse width, 10 Hz, 1 s stimulation 

duration, blue markers indicate laser onset) and electrophysiological recording using a multifunctional fiber-probe. (a) Recorded neural 
activity, (b) raster plot of the detected evoked potentials, and (c) peristimulus time histogram (PSTH) over 20 stimulation trials confirm 
reproducibility of the response. (d-f) Simultaneous optogenetic stimulation at 100 Hz (other parameters identical to those in (a-c)) and 
electrophysiological recording with a multifunctional fiber probe. (d) Decaying and uncorrelated response to 100 Hz optical stimulation is 
consistent with ChR2 activation dynamics

3
. (e) Raster plot and (f) PSTH over 20 stimulation trials confirm reproducibility of the 

response. (g-l) Electrophysiological recording and optogenetic stimulation in the mPFC of wild type mice 2 weeks following transfection 

with AAV5-CaMKII ::ChR2-eYFP through the multifunctional fiber probe. (a, d) Electrophysiological recording during optogenetic 

stimulation (λ=473 nm, power density 6.4 mW/mm
2
, 5 ms pulse width, 10 Hz  and 100 Hz (d), 1 s stimulation duration, blue markers 

indicate laser onset) in the mPFC. (b, e) Raster plots corresponding to 40 trials of recordings in (a, d). (c, f) PSTH over 40 stimulation 
trials confirms reproducibility of the evoked response. Consistent with ChR2 dynamics optically evoked neural activity is correlated to 
laser pulses at 10 Hz, but has a decaying and uncorrelated dynamics for 100 Hz stimulation. 

3. Cardin, J. a et al. Targeted optogenetic stimulation and recording of neurons in vivo using cell-type-specific expression of 
Channelrhodopsin-2. Nat. Protoc. 5, 247–254 (2010). 
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Supplementary Figure 6 

Optical stimulation and electrophysiological recordings in the mPFC of mice expressing ChR2-eYFP and eYFP alone. 

(a) Neural recordings collected with a fiber probe implanted in the mPFC. The same fiber was used to deliver AAV5-CamKIIα::ChR2-
eYFP 14 days prior to the recording. Spontaneous activity is observed prior to the first optical stimulation epoch (10 Hz, 5 ms pulse 
width, 6.4 mW/mm

2
). Stimulation epoch is followed by depletion and recovery, which may be attributed to local depletion of 

neurotransmitters. (b, c) Electrophysiological recordings during optical stimulation in the mPFC using a multifunctional fiber probe (b) 3 

days, (c) 2 weeks following transfection with AAV5-CaMKII ::eYFP. There were no light-evoked signal for both case. 
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Supplementary Figure 7 

Investigation of anxiety level and c-fos expression in the mPFC following optogenetic stimulation with multifunctional fibers. 

(a, b) Open field test (OFT) for mice transfected with AAV5-CaMKII ::ChR2-eYFP or AAV5-CaMKII ::eYFP via multifunctional fibers 

implanted in the mPFC. Time spent in the center of the open field was measured for mice expressing ChR2-eYFP and eYFP-only 
controls in the absence of and during (a) 20 Hz and (b) 130 Hz optical stimulation (OFF/ON/OFF cycle, 3 min epoch) through the fiber 
probes (λ=473 nm, power density 16 mW/mm

2
, 5 ms pulse width). No statistical significance was found between ChR2-eYFP and 

eYFP-only mice for both groups (20 Hz OFF_pre: p = 0.505, t = 0.6842, d.f. = 14. 20 Hz ON: p = 0.926, t = -0.0946, d.f. = 14. 20 Hz 
OFF_post: p = 0.8551, t = 0.186, d.f. = 14. 130 Hz OFF_pre: p = 0.6188, t = -0.5088, d.f. = 14. 130 Hz ON: p = 0.6592, t = 0.4505, d.f. = 
14. 130 Hz OFF_post: p = 0.531, t = -0.6425, d.f. = 14). Error bars represent standard deviation (Number of animals n=8). (c-e) C-fos 
expression in mPFC following optogenetic stimulation with multifunctional fiber probes. (c, d) Representative confocal microscope 

images of mice transfected with AAV5-CaMKII ::eYFP or AAV5-CaMKII ::ChR2-eYFP in mPFC following optical stimulation (λ=473 

nm, power density 16 mW/mm
2
, 20 Hz, 5 ms pulse width). Blue: DAPI, green: eYFP, red: c-fos. (e) The percentage of DAPI-positive 

cells expressing c-fos in mPFC of ChR2-eYFP transfected mice (86%) was higher than that of eYFP transfected mice (72%). p = 
0.0045, t = 3.0243, d.f. = 14.  No statistical difference was found in eYFP expression (47% (from DAPI-positive cells) for ChR2-eYFP 
mice, 45% for eYFP mice, p = 0.3985, t = 0.2619, d.f. = 14). Error bars represent standard deviation (Number of animals n=8). 
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Supplementary Figure 8 

Electrophysiological readout of projection dynamics during optogenetic stimulation in mice implanted with two 

multifunctional fibers. 

(a, b) Electrophysiological recording in the mPFC during optical stimulation using a multifunctional fiber 2 weeks after viral transfection 
using an identical fiber probe implanted in the BLA. Two types of optically evoked potentials with latencies of 5 ms and 32 ms following 
laser pulses were observed. The evoked potentials with short latencies are consistent with direct axonal projections from the BLA to 
mPFC, while the long-latency activity may stem from a multi-synaptic network responses to optical stimulation in the mPFC. (c-e) 
Dependence of the amplitude of optically-evoked potentials on the stimulation power density 2 weeks, 1 month, and 3 months following 
injection of AAV5-CamKIIα::ChR2-eYFP using a multifunctional fiber probe implanted in the basolateral amygdala (BLA) (Number of 

animals n=8). Recordings and optical stimulation (10 Hz, 5 ms pulsewidth) performed in (c) BLA, (d) mPFC, and (e) ventral 
hippocampus (vHPC). Error bars represent standard deviation. 
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Supplementary Figure 9 

Investigation of locomotion and c-fos expression in vHPC and BLA following optical stimulation of BLA-to-vHPC projection. 

(a, b) Locomotor activity in the open field during optical stimulation of inputs from the basolateral amygdala (BLA) into the ventral 
hippocampus (vHPC). Velocities were measured for mice expressing ChR2-eYFP and eYFP-only controls prior to, during, and after 20 
Hz optical stimulation (OFF/ON/OFF cycle, 3 min epoch) (a) in the absence and (b) following injection of 0.1 mM 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) solution through the fiber probes (λ=473 nm, power density 16 mW/mm

2
, 5 ms pulse width). No 

statistical significance was found between ChR2-eYFP and eYFP-only mice for both groups (No drug_OFF_pre: p = 0.9693, t = 0.0392, 
d.f. = 14. No drug_ON: p = 0.9323, t = 0.0865, d.f. = 14. No drug_OFF_post: p = 0.7992, t = -0.2593, d.f. = 14. CNQX_ON_pre: p = 
0.8688, t = -0.1683, d.f. = 14. CNQX_ON: p = 0.9555, t = 0.0569, d.f. = 14. CNQX_OFF_post: p = 0.9733, t = 0.034, d.f. = 14). Error 
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bars represent standard deviation (Number of animals n=8). (c-h) C-fos expression in vHPC and BLA following optogenetic stimulation 
of BLA inputs in the vHPC. (c, d) Representative confocal microscope images of the vHPC in mice transfected with AAV5-

CaMKII ::eYFP or AAV5-CaMKII ::ChR2-eYFP in the BLA following optical stimulation in the vHPC (λ=473 nm, power density 

16 mW/mm
2
, 20 Hz, 5 ms pulse width). Blue: DAPI, green: eYFP, red: c-fos. (e) The percentage of DAPI-positive cells expressing c-fos 

in the vHPC of ChR2-eYFP transfected mice was significantly higher (63%) than that of eYFP transfected mice (36%). p = 0.0022, t = 
3.3863, d.f. = 14. Note, that practically no cell bodies expressing ChR2-eYFP or eYFP were found in vHPC following transfection in the 
BLA (p = 0.8547, t = -0.2687, d.f. = 14). Error bars represent standard deviation (Number of animals n=8). (f, g) Representative 

confocal microscope images of BLA in mice transfected with AAV5-CaMKII ::eYFP or AAV5-CaMKII ::ChR2-eYFP in this region. Blue: 

DAPI, green: eYFP, red: c-fos.  (h) The percentage of DAPI-positive cells expressing c-fos in the BLA following optical stimulation in the 
vHPC (identical to (c, d)). No significant difference was found in c-fos expression in the BLA of mice transfected with ChR2-eYFP (52%) 
or eYFP alone (56%) following stimulation in vHPC (p = 0.3361, t = 0.4321, d.f. = 14). No statistical difference for eYFP expression 
found as well (p = 0.5391, t = -0.3675, d.f. = 14). Error bars represent standard deviation (Number of animals n=8). Viral delivery and 
optical stimulation was performed with multifunctional fiber probes implanted in BLA and vHPC, respectively. 
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Supplementary Figure 10 

Calibration of CNQX concentration. 

Electrophysiological recording of optically evoked potentials (stimulation parameters: 10 Hz, λ=473 nm, power density 5 mW/mm
2
, 5 ms 

pulse width) using multimodal fiber probe implanted in mPFC during and after injection of CNQX solution in PBS at concentrations of 
(a) 0.01 mM, (b) 0.05 mM, (c) 0.1 mM. R_peak values correspond to maximum amplitudes of optically evoked potentials. 
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Supplementary Figure 11 

Investigation of single-unit potentials within electrophysiological signals recorded with multimodal fibers. 

(a-d) Tracking of isolated single neuron (unit) action potentials (spikes) recorded with a with multifunctional fiber probe in mPFC over a 
period of 12 weeks following implantation in a mouse B. (a) Clusters revealed by principle component analysis (PCA) of isolated action 
potentials. (b) Average spike waveforms recorded between 1 and 12 weeks corresponding to clusters in (a). (c) Interspike interval (ISI) 
histograms for isolated neurons 1 and 2 from (a, b). Maximum histogram interval = 1000 ms and bin size = 40 ms. (d) Average firing 
frequencies for neurons 1 and 2 obtained from ISI histograms. Significant difference confirmed by one way student’s t-test (p < 0.001, t 
= 13.4275, d.f. = 8). Error bars represent standard deviation (Number of samples n=5). (e-h) Tracking of isolated single neuron (unit) 
action potentials (spikes) recorded with a with multifunctional fiber probe in mPFC over a period of 12 weeks following implantation in a 
mouse C. (e) A cluster revealed by principle component analysis (PCA) of isolated action potential. (f) Average spike waveform 
recorded between 1 and 12 weeks corresponding to the cluster in (e) The shape of average spike waveforms by time point (1 to 12 
weeks) from k-mean clustering shown in fig (e). (g) Interspike interval (ISI) histograms for isolated neurons 1 from (e, f). Maximum 
histogram interval = 1000 ms and bin size = 40 ms. (h) Average firing frequencies obtained from ISI histograms in (g) for the neuron in 
(f). Error bar represents standard deviation (Number of samples n=5). 
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Supplementary Figure 12 

Illustration of the algorithm used for automated analysis of immunohistochemical data. 

Calculation of the area of fluorescently labeled tissue surrounding the implant was performed by a custom algorithm written in MATLAB 
(Mathworks). First 360 equally distributed radial lines (spaced by 1°) centered in the middle of the hole left by an implant were drawn. 
For each line, we determined a pixel intensity profile as shown in figure. Points defining the inner (orange stars) and outer boundaries 
(green rectangles) of the fluorescent area were determined as one standard deviation 1σ above the average fluorescence intensity. All 
inner and all outer points were connected to each other forming two concentric 720-vertex polygons. Total area was calculated as the 
difference between the areas of the inner and outer polygons. 
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Supplementary Figure 13 

Manual connectorization procedure for multifunctional fiber probes. 

(a) Medical epoxy is used to cover the tip of the fibers to protect its core. Fiber surface is then cleaned by dipping into methanol for 1 
min. (b) Dipping into dichloromethane for 1 min is used to dissolve the PC sacrificial layer. (c) The epoxy ends of the fiber are cut off to 
expose the active elements within the fiber. Fiber is placed under the low magnification microscope. (d-f) Electrode connectorization. 

(d) The surface of COC and PC insulation is scratched with a scalpel to expose a gCPE electrode. Care should be taken to avoid 
exposing the neighboring electrodes. (e) A syringe needle is used to apply a small amount of silver paint to the exposed region of the 
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electrode. A different needle can be used to apply a small amount of silver paint thinner to the same region. Silver paint and paint 
thinner are reapplied up to 3 times until the exposed region is filled with silver paint. A 20 min waiting time is needed ensure complete 
drying of silver paint. (f) A copper wire (34 gauge) is tightly wrapped over the silver paint. This process can be repeated up to 6 times 
until the desired number of electrodes are connected to copper wires. For multiple electrodes the exposed regions should be slightly 
spaced along fiber length to avoid shorting. (g-j) Microfluidic channel connection. (g) Hollow channels within the fiber probes are 

identified under a microscope. Insulation layer is scratched with a scalpel to expose the channel. It is crucial to confirm that the opening 
in insulation indeed exposes the channel. Examining propagation of light from the microscope within the cladding may aid in this 
process. (h) EVA tubing with 0.5 mm inner and 1.5 mm outer diameters is cut to 20 mm length. A hole sufficient for fiber insertion is 
drilled through the center of the tubing using a needle. (i) The tip of the fiber is fed into a needle and the assembly is gently pushed 
through the opening in the tubing. The needle is removed. Under the microscope the opening in the fiber cladding is aligned with the 
tubing. (j) Medical epoxy is mixed and allowed to thicken for 2 min prior to applying it to the outer circumference of the tubing-fiber 
interface. Sterile water should be used to test the hermetic nature of the microfluidic connection. (k-l) Electrical connector assembly. 

(k) A female pin connector (Digi-Key) is used for electrodes and a ground wire. The copper wires connected to the electrodes within a 
fiber are soldered to the pin connector under a microscope. (l) Insulation is removed from both ends of a 2-3 cm long insulated stainless 
steel wire (34 gauge) using a blade. The ground wire is soldered to a pin on the connector, and the connection is protected with medical 
epoxy. (m-p) Optical ferrule connection. (m) Optical epoxy is applied to the connector side of the fiber. (n) The fiber is fed into a 

zirconia ferrule (Thorlabs) such that the fiber tip extends beyond the ferrule length. The optical epoxy is allowed to cure. It is critical to 
align the optical PC core of the fiber with the center of the ferrule to minimize coupling losses. (o) The tip of the fiber extended past the 
ferrule length is cut to align with the ferrule edge. The ferrule edge is then polished using a standard fiber polishing kit (Thorlabs). (p) 
For finer polishing of the fiber tip within the ferrule, the sandpaper within the kit is applied consecutively from large grain (low resolution) 
to small grain (high resolution). 
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Supplementary Table 1 | Onset of functional opsin expression for different neural circuits 

(unit: days). 

Circuit mPFC BLA-to-mPFC BLA-to-vHPC 

Recoding Site mPFC BLA mPFC First mPFC second BLA vHPC 

1 9 11 13 - 10 11 

2 11 12 13 15 8 10 

3 10 11 11 - 13 13 

4 8 9 11 14 12 13 

5 15 10 11 13 9 9 

6 13 13 14 17 11 12 

7 11 8 10 - 9 10 

8 12 12 13 17 9 9 

Average 11.1 10.8 12 15.2 10.1 10.9 

SD 2.2 1.7 1.4 1.8 1.7 1.6 

 

 

Supplementary Table 2 | L-ratios calculated for the isolated action potentials recorded with 

fiber probes between 1-12 weeks following implantation into the mPFC.  

 Mouse A (main text) Mouse B (Supplementary Fig. 11a) 

Week Neuron 1 Neuron 2 Neuron 1 Neuron 2 

1 0.003993 0.000503 0.004842 0.000191 

2 0.004893 0.00063 0.003182 0.00036 

4 0.000439 0.000376 0.002025 0.0044 

8 0.000376 0.000439 0.004209 0.001887 

12 0.000177 0.006297 0.02531 0.042799 
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