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1. Materials and Characterizations

Materials

All reagents were purchased from commercial suppliers and used without further purification. CNCs used in this work were purchased from ScienceK 

Co. Ltd, Zhejiang, China. Congo red (CR, CI# 22120) was purchased from TCI, Methylene blue (MB, CI# 52015), Trypan blue (TB, CI# 23850), 

and Chicago sky blue 6B (CSB, CI# 24410), sodium hydroxide, sulfuric acid, and sodium chloride were purchased from Shanghai Titan Scientific 

Co. Ltd. All reagents were of analytical grade and used without further purification. 

Characterizations

Scanning electron microscopy (SEM) was performed on the Hitachi S-4800. Before evaluation, the samples were prepared and sputter-coated with 

gold (5.0 nm). Structures of cross-section samples were obtained by breaking films into small pieces. Atomic force microscope (AFM) was performed 

on a Bruker Bio-FastScan AFM in the contact mode. Polarized optical microscopy (POM) photographs were taken with a Leica DM 750P polarized 

microscope equipped with a Nikon D800 camera and crossed polarizers. Absorption spectra were performed on the PerkinElmer Lambda 950. CD 

spectra were performed in transmission mode using a JASCO J-1500 spectropolarimeter by rotating the sample from 0° to 360° at 45° intervals. 

Mueller matrix microscopy (MMM) images were obtained using a home-built Mueller matrix polarimeter (Figure S1). The design principle was 

described previously.1-5 In short, it is customized with polarization state modulators based on dual rotating wave plates. By rotating a pair of quarter-

wave plates, which is respect to two stationary linear polarizers, the time-averaged polarization states of light before and after the propagation of the 

sample can be obtained and then were demodulated to recover M. All the data are displayed as a 4×4 array of pseudo-color images each representing 

one element of the M matrix. 

2. Experimental Methods

2.1 Preparation of CNCs aqueous suspensions

Aqueous suspensions of CNCs (6.0 wt.%, pH 6.0-7.0) were prepared using an ultrasonic bio-mixer 600 W ultrasonic processor installed in a 6-mm-

diameter probe. Typically, 0.51 g CNCs in 8.0 g deionized water were mixed in a 50 mL centrifuge tube and sonicated at 60 W for 40 min in an ice 

bath to prevent de-sulfation.

2.2 Preparation of aqueous solution for dye molecules

Different dyes were dissolved in distilled water to prepare aqueous solutions with a concentration of 5.0 mM.

2.3 Fabrication of chromophore-aligned CNC films

An effective way to achieve chiral signal amplification is to use the specific physical interaction between CNCs and chromophores. In this case, the 

highly aligned transition electric dipole moments of dye molecules contribute to the increased intensity of |LD|, while the CD arises accordingly. 

Thus, the |LD| and CD increased dramatically in the absorption region of dye than in the non-absorption region while maintaining the intensity of 

LB and CB. In a typical procedure, 30 µL solution of dye molecules aqueous solution was added to 2.0 g deionized water and stirred for 30 min for 

a homogenous solution, then 1.0 g CNC aqueous suspension (6.0 wt.%) was added. Next, the mixture was magnetically stirred for 1 h at room 

temperature and sonicated for 5 min, generating a homogeneous suspension. Finally, drops of the mixed suspension were cast on a clean glass slide 

and dried at controlled temperature and humidity (6 ˚C, 67% relative humidity (R.H.)).

2.4 Fabrication of CNC films with different NaCl concentrations

50 µM dye molecules aqueous solution was added into the NaCl solution with different concentrations (0 mM, 0.20 mM, 0.50 mM, 0.75 mM, 1.0 

mM, 1.3 mM and 1.5 mM) and stirred for 30 min, then 1.0 g CNC suspension (6.0 wt.%) was added. The mixture was magnetically stirred for 1 h at 

room temperature and sonicated for 5 min to generate a homogeneous suspension. Drops of the mixed suspension were cast on a slide and dried at 

controlled temperature and humidity (6 ˚C, 67% R.H.). 

2.5 Fabrication of CNC films with different pH values

1.0 g CNCs suspension (6.0 wt.%) was added to 2.0 g deionized water with 50 µM dye molecules aqueous solution, then 10 % sulfuric acid and 1.0 

M sodium hydroxide were used to tune the pH to 5.1, 6.3, 7.3, 8.4, 9.5, and 10.1, respectively. The mixture was magnetically stirred for 1 h at room 

temperature and sonicated for 5 min, generating a homogeneous suspension. Drops of the mixed suspension were cast on a slide and dried at controlled 

temperature and humidity (6 ˚C, 67% R.H.).

2.6 Fabrication of CNC films with different CNCs concentrations
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The original 6.0 wt.% CNC suspension was diluted with different volumes of deionized water to tune the concentrations to about 0.50 wt.%, 1.0 

wt.%, 1.5 wt.%, 2.0 wt.%, and 2.5 wt.%, respectively. The concentration of dye molecules in each solution was 50 µM. The mixture was magnetically 

stirred for 1 h at room temperature and sonicated for 5 min, generating a homogeneous suspension. Drops of the mixed suspension were cast on a 

slide and dried at controlled temperature and humidity (6 ˚C, 67% R.H.).

2.7 CNC films grown at different evaporating temperatures

1.0 g CNCs suspension (6.0 wt.%) was added to 2.0 g deionized water with 50 µM dye solution. The mixture was magnetically stirred for 1 h at 

room temperature and sonicated for 5 min, generating a homogeneous suspension. Drops of the mixed suspension were cast on a slide and dried at 5 

˚C, 15 ˚C, 25 ˚C, 35 ˚C, and 45 ˚C respectively.

2.8 Bleach the chromophore-aligned CNC films

Samples are exposed under the laser (80 mV, 560 nm) and irradiation for 4 h with a stencil above the film.

3. Optical Model

In the defined Cartesian coordination system, the film is oriented in the xy plane (Figure 2), and all the Mueller matrices of the films are simulated 

along the z-axis. The CNC films are composed of the P layers of continuously rotated CNC nanocrystallite, whose refractive indices are nx = 1.520, 

ny =1.544, and nz = 1.594.6, 7 The thickness of the CNC film (H) and width of each CNC nanocrystalline (d) are measured in the SEM analysis. The 

helicoidal assembly of the CNC film from nanocrystallites is defined by the rotational angle between the successively twisted CNC fibers along the 

helical direction  (φ), the tilted angle of the helix () between   and , and the periodic for different stakes of helical CNC normal to  (), in 𝑚⃗ 𝑚⃗ 𝑧⃗ 𝑚⃗

the defined Cartesian coordinate system with  = 0, nz // , ny// , nx// . The contribution from the aligned dye molecules in the pth layer is D, which 𝑦⃗ 𝑥⃗ 𝑧⃗

is related to the dispersion and absorption of the parallelly aligned dyes. Thus, the optical properties O of each CNC nanocrystallite are contributed 

by both the orientation of the refractive indices in the crystallite and aligned transition electric dipole moment from the dye molecules as follows:

(1)

𝑂 = [𝑛2
𝑦 0 0

0 𝑛2
𝑧 0

0 0 𝑛2
𝑥
] + 𝐷

The orientation of the pth layer is defined as a product of the rotation matrices: .  is a rotation matrix for rotation around the 𝑅𝑚⃗(𝜓)𝑅 ⊥ (𝜔) 𝑅𝑚⃗(𝜓)

helical axis  by an angle , the summed up φ in the pth layer of CNC.  is a rotation matrix represents the rotation around the axis normal to 𝑚⃗ 𝜓 𝑅 ⊥ (𝜔)

 by an angle, . The electric permittivity tensor of the pth layer ( ) is defined as , where T denotes the 𝑚⃗ 𝜀𝑝 𝜀𝑝 = 𝑅𝑚⃗(𝜓)𝑅 ⊥ (𝜔)𝑂𝑅𝑇
𝑚⃗(𝜓)𝑅 𝑇

⊥ (𝜔)

transposed matrix.

The Jones matrix of the pth layer  is described by the incident wave-vector along the z-axis and written as the eigen decomposition by the eigenvalues 𝐽𝑝

(W) and eigenvectors (V) of the electric permittivity tensor ,8  𝜀𝑝

(2)
𝐽𝑝 = 𝑉[𝑒 ‒ 𝑖𝑘𝑊 0

0 𝑒 ‒ 𝑖𝑘𝑊]𝑉 ‒ 1

where k is a constant in terms of CNC nanocrystalline thickness (d) and measuring wavelength ( ). The Jones matrix of the overall helicoidal assemble 𝜆

is the multiplication of the successive layers . The Jones matrix ( ) was transferred to a Mueller matrix by its conjugate matrix ( ) using
𝐽 =

𝑃

∏
1

𝐽𝑝
𝐽 𝐽 ∗

, where  indicates the Kronecker product, A is a  constant matrix defined by𝑀 = 𝐴(𝐽⨂𝐽 ∗ )𝐴 ‒ 1 ⊗ 4 × 4

(3)

𝐴 =
2

2 [1 0
1 0

0 1
0 ‒ 1

0 1
0 𝑖

1 0
‒ 𝑖 0

]
The optical response of the CNC films can be generated by the matrix exponential (L), which is connected to M by9, 10

(4)

𝑀 = exp (𝐿) = 𝑒𝑥𝑝[ 𝐶 ‒ 𝐿𝐷
‒ 𝐿𝐷 𝐶

‒ 𝐿𝐷' 𝐶𝐷
𝐶𝐵 𝐿𝐵'

‒ 𝐿𝐷' ‒ 𝐶𝐵
𝐶𝐷 ‒ 𝐿𝐵'

𝐶 ‒ 𝐿𝐵
𝐿𝐵 𝐶

]
where C corresponds to the sum of the total absorption.
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4. Supplementary Figures

Figure S1 | Schematic structure of the Muller matrix microscope.

As a powerful imaging technique for structural analysis, MMM can completely image the optical properties of the crystalline structures.4, 11 In MMM, 

the polarization properties of the sample are analyzed by monitoring the time-averaged polarization states of light before and after the propagation 

of the sample, using the four-elements Stokes vector, S.12 Thus, it can be written as Sout = MSin, where M represents the 4×4 Mueller matrix that 

contains the full optical properties of the sample, including CD, circular birefringence (CB), linear birefringence (LB), linear dichroism (LD), and 

the respective orientations of LB and LD.13 For the non-depolarizing M that has an unchanged degree of polarization, the 16 elements can be reduced 

into seven by matrix exponential through M = exp L, in which the elements are directly associated with the LB, LB', LD, LD', CB, CD, and the total 

absorption of sample (C).11 Here, M is composed of 16 images through capturing the intensity of light with the camera in the home-built MMM. All 

the optical properties are represented by their pseudo-color maps. LB and LB' are the angular distribution related by  and the |𝐿𝐵| = 𝐿𝐵2 + 𝐿𝐵'2

orientation of LB is . Similarly,  and .14 2𝐿𝐵𝑎𝑛𝑔𝑙𝑒 = 𝑎𝑡𝑎𝑛2(𝐿𝐵', 𝐿𝐵) |𝐿𝐷| = 𝐿𝐷2 + 𝐿𝐷'2 2𝐿𝐷𝑎𝑛𝑔𝑙𝑒 = 𝑎𝑡𝑎𝑛2(𝐿𝐷', 𝐿𝐷)
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Figure S2. Optical properties of the CNC film with different domains. (a) POM observed under crossed polarizers (fingerprint regions in the yellow 

square and planar regions in the red square), and (b) with 530 nm full-wave retardation plate inserted. (c-f) corresponding pseudo-color maps for 

optical properties by MMM, including (c) |LB|, (d) CB, (e) |LD|, and (f) CD.
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Figure S3 | POM images of the microdomains shown in Figure 1a and 1b.
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Figure S4 | Circular dichroism (CD) spectra of the CNC film with eight different orientations, respectively. 
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Figure S5 | Absorption spectra of (a) dye solutions and CNCs suspension, (b) CNCs suspensions contain trace amount of chromophore, and (c) the 

chromophore-aligned CNC films.
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Figure S6 | The CD spectra of the (a) CNC-CR film, (b) CNC-TB film, (c) CNC-ME film, and (d) CNC-CSB film with eight different orientations, 

respectively.
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Figure S7 | POM images of the corresponding microdomains shown in Figures S8–S13. 
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Figure S8 | MMM results of the fingerprint region in the TB dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 596 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under 596 nm and 470 nm along the yellow lines in the |LB| images. (c) The extracted 

optical properties along the yellow lines in the |LB| image.
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F

igure S9 | MMM results of the planar region in the TB dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 596 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under 596 nm and 470 nm in the yellow square in the |LB| image. (c) The extracted optical 

properties in the yellow square in the |LB| image.
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F

igure S10 | MMM results of the fingerprint region in the ME dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 620 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under 620 nm and 470 nm along the yellow line in the |LB| image. (c) The extracted optical 

properties along the yellow line in the |LB| image.
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F

igure S11 | MMM results of the planar region in the ME dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 620 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under620 nm and 470 nm in the yellow square in the |LB| image. (c) The extracted optical 

properties in the yellow square in the |LB| image.
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Figure S12 | MMM results of the fingerprint region in the CSB dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 610 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under 610 nm and 470 nm along the yellow line in the |LB| image. (c) The extracted optical 

properties along the yellow line in the |LB| image.
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Figure S13 | MMM results of the planar region in the CSB dyed CNC film. (a) Measured CD, |LD|, CB, and |LB| images under 610 and 470 nm, 

respectively. (b) The average intensity of the |LD| and CD under 610 nm and 470 nm in the yellow square in the |LB| image. (c) The extracted optical 

properties in the yellow square in the |LB| image.
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Figure S14 | (a) SEM image of CNCs. (b, c) Cross section and surface SEM images of the CNC film. (d, e) AFM images of the fingerprint and 

planar region in the CNC film. (f) The extracted height difference along the white lines in d and e.
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Figure S15 | Cross-sectional SEM images of the (a, b) planar and (c, d) fingerprint regions in the CNC film, and (e, f) the low magnification of 

Figure 1c and 1f. 
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Figure S16 | The calculated optical properties of the CNC films with (a) vertical helical arrangement, (b) horizontal helical arrangement, (c) tilted 

helical arrangement with  = 0˚ and (d) tilted helical arrangement with  = [0˚, 180˚].
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Table S1. Experimental and simulated optical properties of CNC film.

CBa CDa LBa LDa

Experimentc 0.14±0.02 0.032±0.03 0.20±0.04 0.063±0.04
Ib

Simulationd 0.15 0.056 0.19 0.025

Experimentc 0.12±0.03 0.050±0.002 0.74±0.20 0.076±0.01
IIb

Simulationd 0.24 0.066 0.62 0.051

a) All the parameters are in radians. b) Region I represents the planar region and region II stands for the fingerprint region. c) The experimental results 

were collected from corresponding regions in Figure 1. d) The parameters for simulation are provided in the experimental section.



23

Figure S17 | The calculated optical properties of the tilted helicoidal structures with different tilted angles. a-d) = 5˚, 10˚, 15˚, and 20˚, 

respectively. 
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Figure S18 | The calculated optical properties of the tilted and misaligned helicoidal structure with different tilted angles. a-d) = 5˚, 10˚, 15˚, and 

20˚, respectively. 
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Figure S19 | Measured optical results of the CNC films with different CNCs concentrations. (a-e) CCNCs = 0.50 wt.%, 1.0 wt.%, 1.5 wt.%, 2.0 wt.% 

and 2.5 wt.%.
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Figure S20 | Measured optical results of the CNC films with different NaCl concentrations. (a-g) CNaCl = 0.0 mM, 0.20 mM, 0.50 mM, 0.75 mM, 1.0 

mM, 1.3 mM and 1.5 mM.



27

Figure S21 | Measured optical results of the CNC films with different pH. (a-f) pH = 5.1, 6.3, 7.3, 8.4, 9.5, and 10.1.
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Figure S22 | Measured optical results of the CNC films formed at different temperatures. (a-e) T= 5 ˚C, 15 ˚C, 25 ˚C, 35 ˚C, and 45 ˚C.
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Figure S23 | The measured (a) CB and (b) |LB| images of photobleached CNC films.
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