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This document provides supplementary information for “Development and characterization of 
disposable sub-millimeter fiberoptic Raman needle probe for enhancing real-time in vivo deep 
tissue and biofluids Raman measurements”, including: (S1) Monte Carlo simulations of 
fiberoptic Raman needle probe, and the customized Raman system description, (S2) 
Characterization of fiber silica Raman and fluorescence background versus fiber probe length 
and integration time, and (S3) Structured background subtraction algorithm development for 
eliminating fiber silica Raman/fluorescence and tissue autofluorescence background. 

 

S1. Monte Carlo Simulations of fiberoptic Raman needle probe and the 
customized Raman system description 

We examine the Raman performance of the fiberoptic Raman needle probe in scattering 
media (e.g., brain tissue) by using the ray tracing matrix and Monte Carlo (MC) simulation 
methods [1,2]. The Raman photon excitation and collection ability of the tapered Raman needle 
probe compared to the flat Raman probe in brain tissue are further analyzed using MC 
simulations. Based on the ray tracing matrix calculation, the effective focal length of the tapered 
fiberoptic Raman needle probe is ~ 250 μm, and the focal spot diameter is ~280 μm. For MC 
modeling, the refraction indices of the fiber probe and tissue are set as 1.45 and 1.35, 
respectively. The optical properties (e.g., scattering coefficient µs; absorption coefficient µa; 
anisotropy factor g; refractive index n, and layer thickness) of the brain tissue model are 
extrapolated from Ref [3]:  (i) For 785 nm light excitation wavelength: µs= 78 cm-1, µa = 0.2 
cm-1, g = 0.9, and n =1.35, (ii) For 900 nm Stokes Raman photon collection, µs = 66 cm-1, µa = 
0.6 cm-1, g =0.9, n =1.35.  

Fig. S1 shows the MC simulation results of normalize Raman photons collected by the 
tapered semi-spherical lens Raman needle probe and the flat Raman probe in brain tissue model. 
The Raman needle probe tapered with a semi-spherical lens provides at least 2.2-fold higher in 
total Raman collection efficiency compared to the flat Raman probe. Further, the maximum 
tissue Raman signal can be picked up from the subsurface ~200 µm of the brain tissue with 
>85% of tissue Raman signal being collected from the tissue depth within 300 µm, confirming 
the ability of the unique tapered lens Raman needle probe design for near needle-tip signal 
detection.  

The performance of the submillimeter fiberoptic Raman needle probe designed and 
fabricated is then evaluated using the customized Raman system where were reported 
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elsewhere [4,5]. Briefly, the fiberoptic Raman spectroscopy system consists of a 785 nm diode 
laser (maximum power: 600 mW, B&W TEK Inc.), a high throughput reflective imaging 
spectrograph (Acton LS-785 f/2, Princeton Instrument Inc.) equipped with an 830 g/mm gold-
coated grating, a NIR-enhanced deep-depletion charge-coupled device (CCD) camera (PIXIS 
400BR-eXcelon, Princeton Instrument Inc.), and a customized hand-held optical coupling 
module for excitation laser coupling, and Raman signal filtering and collection. The wavelength 
and wavenumber axis of the spectrometer is calibrated using mercury-argon lamps (HG-1 and 
AR-1, Ocean Optics Inc.) and 4-acetamidophenol (ASTM E1840 standard) in FP and HW 
regions, respectively. The system intensity response is then calibrated using a standard 
reference material (NIST 2241, National Institute of Standards and Technology) [6]. 

 

Fig.  S1 Normalized Raman photons as a function of tissue depth in brain tissue collected by a semi-spherical tapered 
lens Raman needle probe (tapered probe) and a Raman probe with flat tip (flat probe) by using Monte Carlo simulations. 
For comparison purpose, the Raman photons collected by the Raman probes are normalized to the excitation photon 
number of 1x106 in MC simulations.   

 

S2. Characterization of fiber silica Raman and fluorescence background versus 
fiber probe length and integration time  

The fiber silica Raman and fluorescence background signals of the fiberoptic Raman needle 
probes are characterized under different probe lengths and acquisition time. Fig. S2(a) show 
the example of mean maximum photon counts (e.g., 800 cm-1) with ±1 standard deviation (SD) 
using the fiberoptic Raman needle probes with fiber lengths varying from 6.5 to 16 cm with 0.5 
s integration time and 30 mW laser excitation power. Based on the fit function in Fig. S2(a), 
the fiber probe design can be up to 20 cm in fiber length under 0.5 s integration time and 30 
mW laser excitation power before reaching the system saturation point (i.e., 65535 photon 
counts per pixel). Fig. S2(b) show the mean maximum photon counts (e.g., 800 cm-1) with ±1 
SD versus integration time of 0.1 to 1 s using a 10 cm fiberoptic Raman needle probe under 30 
mW laser excitation power. The performance of all the fiberoptic needle Raman probes 
fabricated show a good linear relationship (r2~1) with respect to both the fiber probe length and 
integration time, substantiating the robustness of the structured background subtraction 
algorithms developed (details refer to section S3) for pure tissue Raman spectra retrieval. 
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Fig.  S2 (a) Mean maximum fiber background photon counts with ±1 standard deviation (SD) (e.g., 800 cm-1) by using 
fiberoptic Raman needle probes under different fiber lengths (6.5 to 16 cm); (b) Mean maximum fiber background 
photon counts with ±1 SD (e.g., 800 cm-1) versus different integration time of 0.1 to 1 s under a 10 cm fiberoptic Raman 
needle probe with 30 mW laser excitation power. 

 

S3. Structured background subtraction algorithm development for eliminating 
interference of fiber silica Raman/ fluorescence and tissue autofluorescence 
background 
Fig. S3 shows the flowchart of the structured background subtraction algorithm developed 

for eliminating the interference of fiber silica Raman/fluorescence background, as well as tissue 
autofluorescence (AF) background [7,8]. The method assumes that the measured tissue raw 
spectrum 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 contains three parts: (i) The fiber Raman and fluorescence background 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟  
with the concentration 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒 ; (ii) The tissue AF background spectrum 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎 , which can be 
represented by a polynomial function, and (iii) pure tissue Raman spectrum 𝑆𝑆𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 . During the 
data processing, the sample raw spectrum 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟  is loaded into the algorithm as the 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒 
together with the measured fiber silica Raman and fluorescence background spectrum 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 . 
Then the algorithm will iteratively estimate the interference concentration 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒  of fiber 
background spectrum 𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟  in the raw sample spectrum 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 . In each iteration, the 
interference concentration 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒  together with tissue AF background 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎  are estimated by 
finding the optimized 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒  and 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎, which minimizes the function, 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 − 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎, 
to be as small as possible, or to a certain preset value. Then, the fitted background spectrum is 
calculated as 𝑆𝑆𝑓𝑓𝑏𝑏 = 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 + 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎. The input spectrum 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒 in the next iteration is then 
updated by comparing 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒  and 𝑆𝑆𝑓𝑓𝑏𝑏 . All the features in the  𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒  exhibiting above the 
estimated background 𝑆𝑆𝑓𝑓𝑏𝑏  are considered as pure Raman signal and will be subtracted and 
replaced by the estimated background 𝑆𝑆𝑓𝑓𝑏𝑏, while all the features in the 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒 exhibiting below 
the estimated background 𝑆𝑆𝑓𝑓𝑏𝑏  are considered as unfitted spectrum which will be remained 
in 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒. The algorithm will converge after many rounds of iterations or until the change of the 
input spectrum 𝑆𝑆𝑓𝑓𝑖𝑖𝑖𝑖𝑎𝑎𝑒𝑒 compared to the last iteration to be < 1 % or even a smaller value set. 
The pure tissue Raman spectrum is then calculated as 𝑆𝑆𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑎𝑎𝑓𝑓 = 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 − 𝑆𝑆𝑟𝑟𝑎𝑎𝑒𝑒𝑎𝑎 
using the polynomial fitting functions, and the 𝑐𝑐𝑓𝑓𝑒𝑒𝑒𝑒  is calculated in the last round of iterations. 
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Fig.  S3 Flowchart of the structured background subtraction algorithms developed for eliminating the interference of 
fiber silica Raman/fluorescence background and tissue autofluorescence (AF) background 
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