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A B S T R A C T   

In crystalline cellulose I, all glucan chains are ordered from reducing ends to non-reducing ends. Thus, the 
polarity of individual chains is added forming a large dipole within the crystal. If one can engineer unidirectional 
alignment (parallel packing) of cellulose crystals, then it might be possible to utilize the material properties 
originating from polar crystalline structures. However, most post-synthesis manipulation methods reported so far 
can only achieve the uniaxial alignment with bi-directionality (antiparallel packing). Here, we report a method 
to induce the parallel packing of bacterial cellulose microfibrils by applying unidirectional shear stress during the 
synthesis and deposition through the rising bubble stream in a culture medium. Driving force for the alignment is 
explained with mathematical estimation of the shear stress. Evidences of the parallel alignment of crystalline 
cellulose Iα domains were obtained using nonlinear optical spectroscopy techniques.   

1. Introduction 

Structural ordering of biologically produced materials is an essential 
task in biomanufacturing as it enables us to characterize and utilize the 
material properties intrinsic to the unique structures that living organ-
isms can synthesize (Chae, Jeong, Ounaies, & Kim, 2018, 2020; Chung 
et al., 2011; Lee JH et al., 2017; Yao, Meng, Bulone, & Zhou, 2017). In 
many biopolymers such as cellulose, chitin, and collagen, the polymer 
chains are directionally produced by synthase complexes in cell wall 
membranes, then assembled into crystalline phases (Ogawa et al., 2013; 
Koyama, Helbert, Imai, Sugiyama, & Henrissat, 1997; Lai-Kee-Him 
et al., 2002; Shoulders & Raines, 2009). For instance, cellulose micro-
fibrils are produced by the cellulose synthase complex (CSC) through 
sequential unidirectional additions of the reducing ends of individual 
glucose monomeric units to non-reducing end of cellulose chain. The 
resulting β-1,4-glucan chains are extruded from the CSC and assembled 
into non-centrosymmetric crystalline microfibrils (Kim, Imai, Wada, & 
Sugiyama, 2006; Koyama et al., 1997; Morgan, Strumillo, & Zimmer, 

2013; Morgan, McNamara, & Zimmer, 2014; Morgan et al., 2016). Due 
to the directional packing of cellulose chains, a large dipole has been 
anticipated within the crystal (Frka-Petesic, Jean, & Heux, 2014). Also, 
anisotropic properties, such as piezoelectricity, unique to asymmetric 
crystal structures are expected for such crystalline cellulose (Chae et al., 
2020; Chang et al., 2015; Cranston & Gray, 2008; Diddens, Murphy, 
Krisch, & Müller, 2008; Frka-Petesic et al., 2014; Frka-Petesic, 
Sugiyama, Kimura, Chanzy, & Maret, 2015; Iyer, Neelakantan, & Rad-
hakrishnan, 1968). The anisotropic properties of crystalline domains, 
typically in nanoscale, can appear in a macroscopic sample if such do-
mains are preferentially aligned such that the asymmetric properties of 
adjacent domains add up to a macroscopic domain rather than cancel-
ling each other (Chae et al., 2018). 

Numerous post-synthesis alignment approaches have been explored to 
induce the macroscopic arrangement of crystalline cellulose and utilize 
their unique properties (Chae et al., 2020; Dumanli et al., 2014; Lager-
wall et al., 2014). Typically, an external force from mechanical shear or 
stretching, electric field, or magnetic field was applied to isolated 
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crystals interspersed in a media where they can rotate and translate 
(Bordel, Putaux, & Heux, 2006; Chae, Ngo, Makarem, Ounaies, & Kim, 
2019; Chang et al., 2015; Gindl, Emsenhuber, Maier, & Keckes, 2009; 
Hoeger, Rojas, Efimenko, Velev, & Kelley, 2011; Huang, Wang, & Yan, 
2010). Under the external force or field, they can be aligned into ordered 
phases such as nematic or chiral nematic phase (Barhoumi Meddeb, 
Chae, Han, Kim, & Ounaies, 2020; Bordel et al., 2006; Chae et al., 2019; 
Csoka, Hoeger, Peralta, Peszlen, & Rojas, 2011; De France, Yager, 
Hoare, & Cranston, 2016). Recently, new approaches have been re-
ported to induce the structural ordering of crystalline cellulose by 
applying directional force or field during the synthesis (Putra, Kakugo, 
Furukawa, Gong, & Osada, 2008; Sano, Rojas, Gatenholm, & Davalos, 
2010; Wan et al., 2015; Zang et al., 2014). It was speculated that the 
external force or field moves bacteria, which synthesize crystalline cel-
lulose, along a certain direction during the synthesis (Putra et al., 2008; 
Sano et al., 2010; Wan et al., 2015). The aligned cellulose microfibrils 
showed anisotropic optical and mechanical properties (Sano et al., 2010; 
Wan et al., 2015; Zang et al., 2014). 

The parallel directionality of crystalline cellulose, i.e., the same po-
larity or uni-directionality along the preferential alignment direction, is 
a prerequisite to utilize piezoelectricity and pyroelectricity originating 
from the noncentrosymmetry of the nanocrystalline domains (Chae 
et al., 2018; García, Ruiz-Blanco, Marrero-Ponce, & Sotomayor-Torres, 
2016; Halasyamani & Poeppelmeier, 1998; Rajala et al., 2016). In 
random or anti-parallel alignment (equally probable alignment along 
two opposite directions or bi-directional without any bias along one 
direction over the other), these properties would be negligible or 
insignificant because individual responses of neighboring crystals 
aligned along two opposite directions would be cancelled (Chae et al., 
2018; Trolier-McKinstry, 2008). It has been challenging to induce the 
parallel packing of cellulose crystals from an isotropic phase (such as 
crystals randomly dispersed in solution) because the random orienta-
tions along the alignment direction (which is equivalent to the 
anti-parallel packing in average) are entropically more favorable than 
the parallel packing (Chae et al., 2018). Many naturally-produced cel-
lulose-containing materials have the anti-parallel packing of crystalline 
domains on average over the macroscopic length scale (Chae et al., 
2018; Lee, Kafle, Park, & Kim, 2014). Chemical modifications are 
possible to selectively tag nanoparticles on the reducing ends of cellulose 
crystals (Arcot, Lundahl, Rojas, & Laine, 2014; Hieta, Kuga, & Usuda, 
1984; Kim et al., 2006; Koyama et al., 1997; Lai-Kee-Him et al., 2002; 
Lokanathan et al., 2013). However, the methods are limited to isolated 
individual units and it is still challenging to deposit multiple layers of 
ordered cellulose crystals with the parallel alignments using such 
methods. 

For the symmetry-driven material property study, it is also critical to 
distinguish the parallel packing from anti-parallel or random packing. It 
is difficult to distinguish the polarity of the cellulose crystals through 
high-resolution electron microscopy because they look symmetric 
topographically. Conventional spectroscopic techniques such as infrared 
(IR), Raman, or nuclear magnetic resonance (NMR) cannot distinguish 
the two cases either, because they are not sensitive to the polarity of 
molecules (Kim, Lee, & Kafle, 2013). Nonlinear optical techniques such 
as sum frequency generation (SFG) spectroscopy and second harmonic 
generation (SHG) can be a very useful technique for this task because 
they are sensitive only to non-centrosymmetric components in the me-
dium (Chae et al., 2019; Denev, Lummen, Barnes, Kumar, & Gopalan, 
2011; Lee, Chen, Weiss, Jensen, & Kim, 2017). Within the coherence 
length of SFG or SHG detection, the signals are added for parallel 
packing, but cancelled for anti-parallel packing (Denev et al., 2011; 
Lambert, Davies, & Neivandt, 2005; Lee et al., 2014; Makarem et al., 
2019). This noncentrosymmetry requirement makes SFG and SHG an 
excellent platform to test the polarity of non-centrosymmetric crystals 
(Chae et al., 2017, 2019; Denev et al., 2011; Makarem et al., 2019). 

We developed a new method to induce the parallel packing of bac-
terial cellulose microfibrils (BCMs) on a macroscopic scale and 

confirmed the added polarity of crystalline domains. The parallel 
packing of BCMs was achieved by applying unidirectional shear stress to 
the bacteria during the culture through the rising bubble stream in a 
culture medium. Gluconacetobacter hansenii (G. hansenii, ATCC 23769) 
bacterial strain was employed in this study as it produces cellulose Iα 

crystals (with a minor fraction of cellulose Iβ) substantially in a few days 
(Kondo et al., 2002; Koyama et al., 1997; Lee, Gu, Kafle, Catchmark, & 
Kim, 2015). A cylindrical BCM tube with the parallel packing of cellu-
lose Iα crystals along the chain axis was formed at the periphery of the 
bubble stream in the culture medium. Direct evidence of the parallel 
packing was obtained through the comparison of experimentally 
measured SFG signals with time-dependent density functional theory 
(TD-DFT) calculations of nonlinear susceptibility (χ(2)eff ). Besides, the 
parallel-aligned BCM tube generated a strong SHG signal as the polarity 
of cellulose crystalline domains were added by the parallel packing. 

2. Materials and methods 

2.1. Preparation of bacterial strain and culture medium 

Bacterial strain G. hansenii was obtained from the American Type 
Culture Collection (ATCC). The cultivation of this bacteria was per-
formed in the standard Hestrin-Schramm (HS) medium containing 
20.0 g of D-(+)-glucose (Fluka Analytical, Sigma Aldrich, USA), 5.0 g of 
Bacto Peptone (Becton, Dickinson and Co., USA), 5.0 g of Bacto yeast 
extract (Becton, Dickinson and Co., USA), 2.7 g of sodium phosphate 
dibasic anhydrous (Fisher Chemical, USA), 1.15 g of citric acid (Fluka 
Analytical, Sigma Aldrich, USA) and 1.0 g of magnesium sulfate (Gen-
eral, BDH, USA) per liter of ultra-pure water with a resistivity of 
18.2 MΩ/cm (Millipore Milli-Q UF Plus) (Hestrin & Schramm, 1954; Liu 
& Catchmark, 2019). The pH of this culture medium was adjusted to 5.0 
by adding 4 M hydrochloric acid. 

2.2. Cultivation of BCM with bubble stream 

The cultivation vessel was designed to produce aligned BCM at the 
air bubble-liquid interface, as shown in Fig. 1. A 50 mL centrifuge tube 
(VWR, USA) was used as the cultivation vessel with two holes drilled out 
in the cap. An L-shaped silicone (polydimethylsiloxane) tube (Vanguard 
70 Duro, McMaster-Carr, USA) with an inner diameter of 3 mm and an 
outer diameter of 5 mm was inserted through the cap, then positioned at 
the bottom of the vessel. The bubbling path was created by puncturing a 
pinhole with a diameter of 0.45 mm in the center of the silicone tube 
facing upwards, as shown in Fig. 1. This pinhole size was determined to 
be an optimum for the given size of the cultivation vessel and the flow 
rate after preliminary testing of the BCM tube formation with different 
sizes of holes varying from 0.45 mm to 6 mm. The vessel and silicone 
tube were washed with soap water, air dried, then sprayed with 70 % (v/ 
v) ethanol (VWR, USA), then sterilized with UV for 30 min in the 
biosafety cabinet before use. A sterile environment was maintained in 
the cultivation vessel by placing two 0.22 μm filters (VWR, USA) at the 
inlet and outlet of the air source. 

For the cultivation of bacterial cellulose under the bubble stream, a 1 
% (v/v) primary culture of ATCC 23769 was inoculated into the culti-
vation vessel containing 30 mL culture media. The cultivation was 
performed in the incubator at 30 ◦C for three days. After three days, 
BCM pellicles started forming at the top air/solution interface, so the 
culture duration was kept at three days in this study. The supply rate of 
compressed wet air through the silicone tube was set as 0.25 vvm [air 
volume flow (liter) per unit of liquid volume (liter) per minute (min)], 
during the entire cultivation period. The wet air was used to minimize 
media evaporation during the cultivation period. The bubble stream was 
generated by a flow of wet compressed air passing through the small 
pinhole in the silicone tube. After the cultivation, the BCM tube was 
collected, then rinsed with plenty of ultra-pure water. The washed BCM 
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tube was soaked in 1% (w/v) sodium hydroxide solution, then sterilized 
in the autoclave at 121 ◦C for 20 min to remove the bacterial cell debris 
and alkali-soluble components. The solution was cooled at room tem-
perature, followed by rinsing with ultra-pure water until pH 7.0 was 
achieved. The BCM tube was stored in a swollen state in ultra-pure water 
at 4 ◦C. The purified BCM tube was frozen at −80 ◦C overnight (Labo-
ratory Freezer ULT2186, Thermo Fisher Scientific, USA), freeze-dried 
(Freezone 2.5 L, Labconco, USA) for 24 h, then stored in a desiccator 
for the further analyses. 

2.3. Field-Emission scanning electron microscopy (SEM) 

Field-emission SEM (Zeiss SIGMA VP-FESEM, Thornwood, NY) was 
used to investigate the alignment of bacterial cellulose microfibrils. 
5 nm of iridium was coated on the dried sample using a Leica EM 
ACE600 sputter coater (Leica, Wetzlar, Germany), then the sample was 
mounted onto aluminum stub using carbon tape. An accelerating voltage 
of 3 keV with a working distance of 4 mm was used for the imaging. 

2.4. Wide-angle X-ray scattering (WAXS) 

Two-dimensional (2D) X-ray scattering in a transmission mode was 
performed using the in-house WAXS system (Xeuss 2.0 HR, Xenocs, 
France) equipped with X-ray wavelength of 1.54 Å (50 kV, 0.6 mA) and 
Pilatus3 R200 K detector with the sample-to-detector distance of 
~0.165 m. 

2.5. Vibrational SFG spectroscopy 

The femtosecond broadband SFG system was used to identify the 
parallel alignment of BCMs. A narrow band of 800 nm pulse was pro-
duced by spectral filtering of the fundamental output of the Ti-sapphire 
amplifier. A broadband IR pulse (half maximum of ~160 cm−1) with a 
center wavenumber of 2900 cm−1 and 3340 cm−1 was used to detect 
C–H and O–H modes, respectively. The 800 nm and mid-IR pulse were 
focused onto the bacterial cellulose microfibrils with the incident angle 
of 45◦. The generated SFG in a reflection mode was filtered using a short- 
pass filter and monochromator, then detected using a CCD camera. The 

SFG peak intensities of C–H and O–H modes as a function of azimuth 
angle were obtained by rotating the sample on the stage from 0◦ to 360◦

with 10◦ per step using the motorized rotation mount (KPRM1E, 
Thorlabs). 

2.6. TD-DFT calculation of SFG 

The cellulose Iα chains in a single crystalline domain were repre-
sented by four dimeric units, perpendicularly stacking with respect to 
the chain direction. All theoretical simulations were performed using the 
NWChem package (Valiev et al., 2010). Under the Placzek approxima-
tion, the hyperpolarizability is related to the product of polarizability 
and dipole derivatives, 

βabc(ωSFG,ωVIS,ωIR) =
∑

q

−ħ
2ωq

∂αab

∂Qq

∂μc

∂Qq

(

1

ωIR − ωq + Γq

)

(1)  

where ωSFG,ωVIS, and ωIR are the frequencies of SFG signal, visible, and 
IR input photons. The transition lifetime (Γq) was set to 10 cm−1. The 
molecular frame (c, b, a) transforms into the laboratory coordinates (X, 
Y, Z) through the Euler rotation (R) matrix. In this way, the chain axis (c- 
axis in the molecular frame) aligns with the X-axis of the laboratory 
frame. The second-order susceptibility tensor (χ(2)XYZ) is represented as: 
χ
(2)
XYZ = N

∑

cba

〈RXcRYbRZa〉βcba (2)  

where N is the number density of the SFG-active moieties. At a given 
azimuth angle (ϕ), the SFG intensity of randomly orientated domains 
with respect to the uniaxial alignment axis can be written as: 

I(ϕ) =
1

n

∑

360◦

θ

χθ(ϕ)χ
∗
θ(ϕ) (3)  

Here, the rotation angle (θ) along the chain axis is sampled from 0◦ to 
360◦ with an interval of 5◦, and n is the total number of orientations. In 
this way, all probable orientations are treated equally. The effective χ(2)
with spp-(s-polarized SFG, p-polarized 800 nm, p-polarized IR) and psp- 
polarization combinations, as shown below, are plotted as a function of 

Fig. 1. Schematics of the bubble stream-induced parallel alignment of BCMs during the synthesis in the cultivation vessel. (a) Before the cultivation and (b) after the 
cultivation at 30 ◦C for three days. The white scale bars in photographic images represent 1 cm. The red arrows represent the direction of rising bubbles. The sky blue, 
red, and grey color balls of cellulose Iα represent C, O, and H, respectively. The green arrows represent the expected direction of bacterial movement due to the 
bubble stream. 
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ϕ in Fig. 3. For simplicity, the frequency-dependent Fresnel factors are 
set to 1. 
χ
(2)
eff , spp = χ

(2)
YXX + χ

(2)
YZZ + χ

(2)
YXZ + χ

(2)
YZX (4)  

χ
(2)
eff , psp = (χ(2)

ZYX + χ
(2)
ZYZ) − (χ

(2)
XYX + χ

(2)
XYZ) (5) 

The SFG intensity (ISFG) for the parallel case at a certain azimuth 
angle (ϕ∗) is written as, 

ISFG,ϕ∗
∝χ

(2)
eff , spp, ϕ∗

2
= (χ(2)

YXX,ϕ∗
+ χ

(2)
YZZ,ϕ∗

+ χ
(2)
YXZ,ϕ∗

+ χ
(2)
YZX,ϕ∗

)
2 (6a)  

ISFG,ϕ∗
∝χ

(2)
eff , psp, ϕ∗

2
= (χ(2)

ZYX, ϕ∗
+ χ

(2)
ZYZ,ϕ∗

− χ
(2)
XYX,ϕ∗

+ χ
(2)
XYZ,ϕ∗

)
2 (6b) 

On the other hand, the SFG intensity for two domains that are anti- 
parallel to each other but separated farther than the coherence length 
is described as, 

ISFG,ϕ∗
∝χ

(2)
eff , spp, ϕ∗

2
=

1

2
⋅(χ(2)

YXX,ϕ∗
+ χ

(2)
YZZ,ϕ∗

+ χ
(2)
YXZ,ϕ∗

+ χ
(2)
YZX,ϕ∗

)
2

+
1

2
⋅(χ

(2)

YXX,ϕ∗+π
+ χ

(2)
YZZ,ϕ∗+π + χ

(2)
YXZ,ϕ∗+π + χ

(2)
YZX,ϕ∗+π)

2

(7a)  

ISFG,ϕ∗
∝χ

(2)
eff , psp, ϕ∗

2
=

1

2
⋅(χ

(2)

ZYX, ϕ∗

+ χ
(2)
ZYZ,ϕ∗

− χ
(2)
XYX,ϕ∗

+ χ
(2)
XYZ,ϕ∗

)

2

+
1

2
⋅(χ

(2)

ZYX, ϕ∗+π
+ χ

(2)
ZYZ,ϕ∗+π − χ

(2)
XYX,ϕ∗+π + χ

(2)
XYZ,ϕ∗+π)

2

(7b) 
Additional details are available in Fig. S1 and Table S1 in Supporting 

Information. 

2.7. SHG measurement 

SHG measurement was performed in the normal transmission ge-
ometry. The incident beam was generated by the Ti: Sapphire femto-
second laser system (λ = 800 nm, a repetition rate of 1 kHz), then 
propagated along the Z-axis in Fig. 5a (normal to the surface of BCM 
film). The aligned BCM film was placed on the sample stage as its par-
allel alignment (direction of rising bubble-stream) was along the X-axis. 
The SH responses with a fixed polarization parallel to X- and Y-axis were 
collected by rotating the incident polarization angle. 

3. Results and discussion 

3.1. Cultivation of aligned BCM tube with a bubbling 

The cultivation vessel was designed to produce BCMs along one di-
rection with the bubble stream. G. hansenii is an aerobic microorganism, 
which produces BCM using glucose in an oxygen-rich environment (Liu 
& Catchmark, 2019). Fig. 1 shows the schematics of the cultivation of 
bacterial cellulose with the rising bubble stream. The bubbles are rising 
through the culture medium from the pinhole of the silicone tube to the 
top air/liquid interface by the buoyancy force. Initially, bacterial cells 
produce BCMs on the surface of the silicone tube since it is oxygen 
permeable. Once the BCM film fully covers the silicone tube (8 in 
Fig. 1b), further growth is not sustained due to limited oxygen supply. 
On the other hand, bacterial cells near the pinhole of the silicone tube 
can continue to flourish because the fresh air is continuously supplied (7 
in Fig. 1a). Subsequently, the vertical bubble stream pulls the bacterial 
cells contained in the growing BCM film upwards. The BCM film on the 
silicone tube near the pinhole acts as an anchoring site for the newly 
produced BCM tube (9 in Fig. 1b) along the bubble stream. 

The cellulose microfibrils from bacterial cells are anchored or 
entangled in the BCM film at the silicone tube surface and the bacterial 

cells are pulled upwards by the shear stress from the rising bubbles. 
Thus, the free-standing BCM tube can grow upward from the pinhole. 
The vertical flow of the bubble stream continuously applies the upward 
shear force on anchored bacterial cells on the BCM tube. As bacterial 
cells continue to divide, they are tethered to the BCM film by the 
entanglement of BCMs. The bacterial cells remain near the bubble 
stream as they produce BCMs while tethered. 

The flow rate of 0.25 vvm was the optimal flow rate to form and align 
the BCM tube; it was observed that if the flow was too slow or too fast, 
there was no growth of the BCM tube. In the case of flow being too slow, 
there might not be enough supply of oxygen to maintain BC synthesis 
near the pinhole. In the case of flow being too fast, the shear force might 
have been too strong so that cells were detached from the BCM film 
(Nejadnik, van der Mei, Busscher, & Norde, 2008). Because BCMs are 
continually produced by the bacteria during cell division, newly syn-
thesized BCMs from both daughter and parent cells remain attached to 
the BCMs produced by the parent cell that is already integrated with the 
existing BCM tube. The bacterial cells are expected to be pushed upward 
by the rising bubbles, leaving the synthesized BCMs behind (Kondo 
et al., 2002). A layer of BCMs is produced at the bubble/liquid interface, 
and when the layer becomes saturated, new bacteria positioned at the 
inner side of the BCM tube can push the already formed layer into the 
culture medium (Bodin et al., 2007). Due to this layered formation, the 
vertical bubble stream can effectively apply the force upward on the 
newly synthesizing bacterial cells on the BCM tube. 

The vertical alignment of the BCM along the rising bubble stream 
was confirmed by the SEM and XRD measurements, as shown in Fig. 2. 
The SEM image in Fig. 2(II) shows the uniaxially aligned BCMs. The 2D- 
WAXS pattern of aligned BCM tube with bubbling in Fig. 2(III) confirms 
the uniaxial alignment of BCM along the bubble stream axis. The 
diffraction peaks of (110), (010), and (100) of crystalline cellulose Iα are 
seen at the equator, meaning that the long axis of cellulose Iα (chain 
axis) is aligned along the bubble stream. For comparison, the control 
sample of BCM film was fabricated in a static environment without 
bubbling. The control sample shows the random arrangement of BCM in 
the SEM image [Fig. 2(IV)] and rings with uniform intensities along with 
all directions in the 2D-WAXS pattern [Fig. 2(V)]. The aligned BCMs in 
Fig. 2(II) look much thicker than the random BCMs in Fig. 2(IV) because 
aligned fibers can bundle together while randomly entangled fibers 
cannot. The thickness of the BCM tube was measured to be ~20 μm in a 
freeze-dried state. 

3.2. Mathematical estimation of bubble size and shear stress 

The bubble size and shear stress play the key roles in aligning BCMs 
in the produced tube. Since BCM is produced at the bubble/liquid 
interface, the size of the BCM tube is expected to be comparable to the 
size of air bubbles produced by the pinhole in the silicone tube. The 
spherical-equivalent diameter (d) of a bubble, that is ejected from the 
pinhole and moves up with velocity (U), can be estimated by considering 
the momentum balance on the bubble at the point of detachment 
(Ramakrishnan, Kumar, & Kuloor, 1969). Assuming the center of the 
growing bubble to be about the bubble diameter away from the pinhole 
at the time of detachment td ∼ πd3/6V̇g (where V̇g is the airflow rate), 
the bubble velocity and acceleration can be approximated as U ∼ d/td ∼

6V̇g/πd2 and U̇ ∼ U/td ∼ 36V̇2
g/π2d5. Based on these scales, the inertial 

and drag forces on the bubble are negligibly small for the 0.25 vvm air 
flow rate used in the experiments. The bubble size can therefore be 
estimated from a dominant balance between the buoyancy force π6d3(ρ −

ρg
)g and the surface tension force πdcσ sinθ at the contact line, namely 

d ∼ (
6dcσ sinθ

ρg
)1/3 (8)  

where ρ and ρg denote the densities of water and air, respectively. σ is 
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the surface tension, and dc and θ are the basal diameter and contact 
angle of the bubble on the silicone substrate. The basal diameter of the 
bubble before detachment is equal to the pinhole diameter on hydro-
philic substrates where the contact line remains pinned at the edge of the 
orifice and will be larger than the pinhole diameter on hydrophobic 
substrates where dewetting can occur. For example, it has been shown 
that dewetting around an orifice on a hydrophobic surface with a static 
contact angle of 100◦ can lead to bubble basal diameters as large as five 
times the orifice diameter (Gnyloskurenko, Byakova, Raychenko, & 
Nakamura, 2003). Using these hydrophilic and hydrophobic bounds on 
dc and assuming a 90∘ contact angle just before detachment, Eq. (8) 
results in estimates of bubble size in the range 3 mm < d < 5 mm. This 
estimated value for bubble diameter compares favorably with the 
observed BC tube diameter of ~3.5 mm. 

The alignment of BCM is a consequence of unidirectional force 
induced by the rising bubble stream. Previous studies suggest that the 
flow-induced shear force can affect the alignment of the cellulose fibers 
(Wan et al., 2015). The uniaxial alignment of BCM presented in this 
study is in good accordance with previous studies and suggests that the 
shear force generated by the bubble stream during the synthesis can 
induce the alignment of BCMs. To estimate the magnitude of this shear 
force, consider the motion of bubbles through the BCM tube after they 
detach from the silicone substrate. Since the bubbles emerging from the 
pinhole are comparable in size to tube diameter dt, they become elon-
gated in the flow direction as they rise through the BCM tube. Elongated 
bubbles are separated from the tube wall by an annular liquid film of 
thickness δ in which viscous and gravitational forces balance. Assuming 
a uniform film thickness (i.e. an idealized long bubble consisting of a 
cylindrical body connecting the nose and tail), the approximation of 
unidirectional flow in the liquid film subject to no-slip on the BCM tube 
wall and zero shear rate at the bubble surface leads to shear stress τ =

ρgδ (where ρ is the liquid density) at the tube wall. The film thickness 
depends on the terminal bubble velocity Ut via conservation of mass, 

which requires the rate of liquid drainage in the film, πdtδ(Ut + 2ρgδ2/
3μ) (where μ is the liquid viscosity), be equal to the rate at which liquid 
moves past the bubble, πd2t Ut/4. This yields δ ∼ (3μdtUt/4ρg)1/3 for the 
thickness of the annular liquid film, with a corresponding Ut1/3 depen-
dence for the wall shear stress. To find the magnitude of this shear force, 
the terminal velocity of the bubble must be estimated. 

The steady rise velocity of a bubble is determined by the balance 
between buoyancy and drag forces acting on it. Since the bubble surface 
is shear-free, the annular liquid film contributes very little to the drag 
force on an elongated bubble. The drag force on the bubble arises mainly 
from hydrodynamic stresses on its nose and tail sections where inertial 
and surface tension effects are important. The dimensionless rise ve-
locity Ut/(gdt)1/2 of elongated bubbles becomes nearly independent of 
the buoyancy Reynolds number (Reb = ρ(gd3t )

1/2
/μ) for bubbles with 

Reb > 20(Viana, Pardo, YÁNez, Trallero, & Joseph, 2003). The elon-
gated air bubbles rising in the BCM tube of 3.5 mm diameter are char-
acterized by Reb on the order of 500, for which the dimensionless bubble 
speed is about 0.005 (Viana et al., 2003). This leads to an estimated 
bubble speed of about 1 mm/s and corresponding shear stress on the 
order of ~1 Pa. Previous studies reported that other bacteria with a 
diameter of ~1 μm were pulled away from the surface of polymer films 
by the flow-induced shear stress of ~1 Pa or lower (Lopez-Mila et al., 
2018; Nejadnik et al., 2008). 

Elongated bubbles rising at about 1 mm/s in a BCM tube of 3.5 mm 
diameter are characterized by the Weber number (We =

ρU2t dt
σ

) on the 
order of 10−4, which means surface tension >> inertia. Numerical 
simulations have shown that large surface tension effects for such bub-
bles cause thinning of the liquid film towards the bubble tail to constrict 
the drainage flow at the bulging rim of the tail before releasing the high- 
speed liquid stream into the expansion behind the bubble tail (Feng, 
2008). This can lead to the formation of recirculating eddies in the wake 
of the bubble near the tube wall. The resulting shear stress acts to pull 

Fig. 2. Comparison of the alignment of BCM (a) with and (b) without bubble-stream. (I) Photographic image of BCM tube grown under the rising bubble stream. SEM 
and 2D-WAXS images of BCM grown (II, III) under the influence of bubble stream and (IV, V) without bubble stream. The red arrow indicates the direction of the 
rising bubble stream. 
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the bacteria upward near the wall while the shear stress in the liquid film 
pulls down on the cellulose microfibrils. As the cellulose microfibrils are 
adhered or entangled to each other in the BCM tube and the shear stress 
pulls the bacteria upward during the cultivation, the extrusion of cel-
lulose microfibrils from bacteria should be downward. Increasing the 
gas flow rate through the silicone tube beyond 0.25 vvm would not 
affect the bubble size (see Eq. (8)), but would reduce the time between 
successive bubble releases. This would reduce the bubble spacing and 
could cause a change in the flow structure by eliminating the recircu-
lating eddies behind bubbles. 

3.3. Parallel packing with added polarity of crystalline cellulose Iα in the 
BCM tube 

The synthesis process of G. hansenii preferentially occurs on the non- 
reducing end of cellulose chains (Koyama et al., 1997). Therefore, the 
directional synthesis under the bubble stream suggests that crystalline 
cellulose Iα in the BCM tube is expected to be aligned in a parallel 
fashion (one direction from reducing end to non-reducing end of cellu-
lose chain). The parallel alignment of crystalline cellulose Iα in the 
aligned BCM was confirmed through the SFG measurement as a function 
of azimuth angle. 

SFG is a nonlinear optical process that detects non- 
centrosymmetrically arranged vibrational modes only (Chae et al., 
2017; Lambert et al., 2005); thus, it can selectively detect vibrational 

Fig. 3. (a) Schematics with the laboratory coordinates (X, Y, Z) and experimental results of azimuth angle-dependent SFG spectroscopy. The laser incident plane (IP) 
is in the Z-X plane, and the parallel alignment of BCM is along the X-axis. The spp- and psp SFG spectra were normalized with the peak intensity at 2944 cm−1. The 
BCM sample is rotated along the Z-axis to induce the variation of ϕ. The SFG peak intensity ratios of OH (3374 cm−1) / CH (2944 cm−1) with spp- and psp-polarization 
combinations with and without the bubble-stream were plotted as a function of ϕ. The average and standard deviations of SFG signals at three different locations are 
displayed. The red arrow in the schematics represents the direction of the bubble stream during cultivation. (b) TD-DFT model with the molecular frame (a, b, c) and 
calculations of the SFG ratios (OH/CH) of cellulose Iα with parallel and anti-parallel packing. Cellulose Iα crystalline in coherence length is illustrated with blue 
arrows pointing the same direction of cellulose chains (green arrows). 

I. Chae et al.                                                                                                                                                                                                                                     



Carbohydrate Polymers 255 (2021) 117328

7

modes of cellulose Iα with the non-centrosymmetric P1 space group and 
does not suffer from the interference of amorphous matrices (Barnette 
et al., 2011; Kim et al., 2013; Lambert et al., 2005). In resonance with 
vibrational modes, the intensity of SFG (ISFG) can be described as 
(Lambert et al., 2005; Lee et al., 2014) 
ISFG

IIRIVIS

∝
⃒

⃒

⃒χ
(2)
eff

⃒

⃒

⃒

2

sinc2

(

ΔKL

2

)

L2 (9)  

where IIR and IVIS are the intensities of IR and visible beams, respec-
tively. χ

(2)
eff and sinc2

(

ΔKL
2

)

are the effective second-order nonlinear 
susceptibility and synchronization factor, respectively. The synchroni-
zation term depends on the phase mismatch (ΔK) between SFG, visible 
and IR, and sample size (L), respectively (Lee et al., 2014; Makarem 
et al., 2019). In previous studies, it was found that the SFG signal in-
tensities of OH stretching modes are sensitive to the packing polarity, 
whereas those of CH and CH2 stretching modes are sensitive to the 
density of crystalline cellulose (Chae et al., 2019; Makarem et al., 2017). 
Thus, the SFG signal intensity ratio of OH/CH vibrational modes can 
provide the information of polar ordering of crystalline cellulose within 
the coherence length (Lc ≈ 2/ΔK) (Chae et al., 2019, 2020; Lee CM 
et al., 2017). The coherence requirement with the phase match of SFG 
makes the intensity ratio of OH/CH modes also sensitive to the spatial 
distance between cellulose crystals (Makarem et al., 2017, 2020). 
Because of multiple parameters affecting the SFG intensity ratio, it is 
difficult to identify arrangements of crystalline cellulose with a single 
measurement. Chen et al. resolved this issue through TD-DFT calcula-
tions of the full azimuth angle dependence of χ(2)eff , then identified the 
uniaxial packing of crystalline cellulose (Chen, Lee, Wang, Jensen, & 
Kim, 2017). Using the same principle, we test and confirm the parallel 
packing of crystalline cellulose in the bubble stream-induced BCM tube. 

Fig. 3a shows the schematics of SFG measurement on the aligned 
BCM as a function of azimuth angle (ϕ). The azimuth angle of 0◦ was set 
to the direction of the rising bubble (red arrow) along the positive X-axis 
in the schematics. The SFG intensity ratio of OH/CH was recorded by 
rotating every 10◦ of ϕ along the anti-clockwise direction. Two different 
polarization combinations were employed – spp (s: SFG, p: 800 nm, p: IR) 
and psp polarizations, which are sensitive to chiral species only (Chae 
et al., 2019; Yan, Fu, Wang, & Liu, 2014). Thus, adventitious organic 
contaminants at the BCM surface cannot contribute to the detected SFG 
signal. The spectral intensities were normalized by the CH peak intensity 
at 2944 cm−1 for a comparison purpose. The SFG spectra in both po-
larization combinations show much higher OH signals 
(3200–3500 cm−1) than CH signals (2800–3000 cm−1). Our recent 
theoretical calculations found that the OH/CH intensity ratio larger than 
2–3 for the sample with the cellulose volume fraction larger than 10–20 
% is the characteristic feature of the parallel packing of crystalline cel-
lulose domains (Makarem et al., 2020). Thus, the SFG spectra shown in 
Fig. 3a are consistent with the expected feature of the parallel packing. 
This interpretation is further corroborated through the full azimuth 
angle dependence analysis of SFG. Fig. 3b shows the simulated cellulose 
Iα models for TD-DFT calculations of the parallel and anti-parallel cases. 
The TD-DFT calculations were employed to interpret the experimentally 
measured SFG signals. In the parallel case of TD-DFT, all cellulose Iα 

chains are aligned along one direction (from reducing end to 
non-reducing end). Considering the rotational freedom of BCM along the 
long axis of fibrils, different rotational angle along the chain axis (c-axis) 
of cellulose in each coherence domain is considered in the calculation, as 
shown in Eq. (3). 

The TD-DFT calculations predict asymmetric azimuth angle de-
pendences of both spp and psp SFG polarizations for the parallel packing. 
In the polar plot, the shape of SFG OH/CH ratio in 0◦ → 180◦ region 
(upward) is different from that in the 180◦ → 0◦ region (downward). In 
the spp polarization, three major lobes appear near 0◦, 90◦ and 180◦ in 
the polar plot. In psp polarization, two bigger lobes appear near 220◦ and 

320◦, and two smaller lobes appear near 30◦ and 150◦. On the other 
hand, symmetric shapes-the same SFG ratios along with the opposite 
directions of any azimuth angle-appear in both spp and psp polarizations 
for the anti-parallel case in TD-DFT calculation. In the anti-parallel case, 
opposite directions of cellulose Iα chains separated farther than the 
coherence length are equally added (Baudrier-Raybaut, Haïdar, Kupe-
cek, Lemasson, & Rosencher, 2004); thus, the symmetric shapes are 
anticipated. In our previous study, the monolayer of crystalline cellulose 
Iβ with anti-parallel packing showed the similar symmetric shapes in the 
same measurement (Chae et al., 2020). Randomly arranged BCMs 
cultivated without the bubbling shows circular shapes in both spp and 
psp polarizations because of the isotropic arrangement of crystalline 
cellulose Iα in the SFG probing area (~80 μm × ~120 μm) (Lee, Kafle, 
Huang, & Kim, 2016). The asymmetric shapes of azimuth 
angle-dependent SFG ratio of OH/CH confirm the parallel packing of 
cellulose Iα in the BCM tube produced with the bubble stream culture 
method. 

The asymmetric azimuth angle dependence is due to asymmetric 
variations of χ(2)ijk tensors (SFG polarization induced in the i-direction by 
the electric field of VIS in the j-axis and that of IR in the k-axis) at 
different azimuth angles. This phenomenon is explained with the 
example of TD-DFT calculation for the parallel case in spp polarization, 
as shown in Fig. 4. At ϕ = 0◦ (black in Fig. 4) and 180◦ (green in Fig. 4), 
the χYXZ is the dominant component with the same sign contributing to 
spp polarization in both OH and CH vibrational modes. Its magnitude is 
the same at ϕ = 0◦ and 180◦, which explains the symmetric magnitude 
along the X-axis (0◦ − 180◦) in the polar plot of the azimuth angle- 
dependence. At ϕ = 90◦ and 270◦, χYXX and χYZZ are the dominant 
components and they have the opposite sign for the OH and CH modes. 
At ϕ = 90◦ (red), the other two contributors, χYXZ and χYZX, have the 
same signs with the dominant χYXX in the O–H mode whereas they have 
the opposites signs to the dominant χYZZ in the C–H mode. At ϕ = 270◦

(blue), χYXZ and χYZX have the opposite signs to the dominant χYXX in the 
O–H mode whereas they have the same signs to the dominant χYZZ in 
C–H mode. Therefore, the calculated SFG ratio of OH/CH in spp po-
larization at ϕ = 90◦ is larger than that at ϕ = 270◦ (Fig. 3b). 

Fig. 5 shows the schematics and results of the SHG measurements of 
the parallel-aligned BCM tube and random BCM film. The aligned BCM 
tube shows strong SHG responses due to the parallel packing of polar 
crystalline cellulose Iα. SHG is the frequency doubling phenomenon in 
nonlinear optics, defined as (Denev et al., 2011) 
P2ω = χ(2) (Eω)2 (10)  

in Einstein notation, where P2ω, χ(2) and Eω are nonlinear polarization, 
second-order susceptibility, and electric field at frequency ω. Similar to 
SFG, SHG occurs only in the non-centrosymmetric system; thus, it can be 
a supplementary tool to confirm the non-centrosymmetric packing of 
BCMs (Denev et al., 2011). As the space group of crystalline cellulose Iα 

is P1, each crystalline domain can be SHG-active (Cellulose, 2008). At 
800 nm probing wavelength, the SHG arises from the anharmonic en-
ergy potentials of the electron clouds around the nucleus (Denev et al., 
2011). Fig. 5a describes the transmission geometry of SHG measurement 
on the aligned BCM tube. The incident polarization angle (ѱ) of 0◦ was 
set for the incident polarization of 800 nm beam along the direction of 
the rising bubble (red arrow, X-axis) in the schematics. The aligned BCM 
tube shows large incident-polarization-dependence in SHG (Fig. 5b), 
whereas the control sample cultivated without bubbling exhibit very 
weak SHG signals and no angle dependence (Fig. 5c; note that the plot is 
magnified by ×5) for the same thickness of ~20 μm. The aligned BCM 
tube has crystalline cellulose Iα packed along one direction, which re-
sults in the constructive interference when the incident 800 nm beam 
passes through the sample. On the other hand, when the beam propa-
gates through the randomly arranged BCM, the SHG response is 
canceled within the coherence length due to the destructive 
interference. 

I. Chae et al.                                                                                                                                                                                                                                     



Carbohydrate Polymers 255 (2021) 117328

8

4. Conclusion 

Polar alignment of BCMs with the parallel packing of cellulose Iα 

crystalline domains was achieved in this study. As the wet-air bubble 
stream supplied oxygen to G. hansenii bacteria in the culture medium, 
the BCM tube was formed along the bubble path with the tethering 
process. Also, the bubble stream continuously applied the shear stress on 
the inner side of the BCM tube in the order of ~1 Pa (mathematical 
estimation) such that newly synthesized BCMs on the tube were aligned 
in a parallel fashion. The azimuth-angle dependent SFG analysis of the 
BCM tube confirmed that the cellulose Iα crystals are aligned along one 
direction, from reducing end to non-reducing end of cellulose chains. 
Due to the parallel alignment, net dipoles of cellulose crystalline do-
mains were added on a macroscopic scale and the strong SHG signal was 
generated. The method demonstrated in this study is expected to provide 
opportunities for studying material properties unique to the low sym-
metry of crystalline biopolymers which require the polar alignment of 
such domains. 
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Fig. 4. Azimuth angle (ϕ) dependent χ(2)ijk tensors (x-axes of graphs corresponding to ijk), contributing to spp polarization SFG signal of cellulose I α with the (200) 
plane in the X-Y plane. Frequency at (a) 3402 cm−1 and (b) 2963 cm−1 for OH and CH modes, respectively. 

Fig. 5. (a) Schematics of incident polarization angle-dependent SHG measurement on the aligned BCM in a transmission mode. The incident 800 nm beam is aligned 
along the Z-axis, and its polarization is rotated within the X-Y plane (ѱ). The red arrow represents the direction of the bubble stream during cultivation. SHG intensity 
of (b) aligned BCM with bubble-stream and (c) random BCM without bubbling as a function of ѱ. The polarization of SHG is fixed along the X-axis (blue dots) or Y- 
axis (red dots). The thickness of both samples is ~20 μm. 
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Viana, F., Pardo, R., YÁNez, R., Trallero, J. L., & Joseph, D. D. (2003). Universal 
correlation for the rise velocity of long gas bubbles in round pipes. Journal of Fluid 
Mechanics, 494, 379–398. 

Wan, Y., Hu, D., Xiong, G., Li, D., Guo, R., & Luo, H. (2015). Directional fluid induced 
self-assembly of oriented bacterial cellulose nanofibers for potential biomimetic 
tissue engineering scaffolds. Materials Chemistry and Physics, 149-150, 7–11. 

Yan, E. C. Y., Fu, L., Wang, Z., & Liu, W. (2014). Biological macromolecules at interfaces 
probed by chiral vibrational sum frequency generation spectroscopy. Chemical 
Reviews, 114(17), 8471–8498. 

Yao, K., Meng, Q., Bulone, V., & Zhou, Q. (2017). Flexible and responsive chiral nematic 
cellulose nanocrystal/poly(ethylene glycol) composite films with uniform and 
tunable structural color. Advanced Materials, 29(28), Article 1701323. 

Zang, S., Sun, Z., Liu, K., Wang, G., Zhang, R., Liu, B., … Yang, G. (2014). Ordered 
manufactured bacterial cellulose as biomaterial of tissue engineering. Materials 
Letters, 128, 314–318. 

I. Chae et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0285
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0285
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0285
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0290
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0290
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0290
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0295
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0295
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0295
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0300
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0300
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0305
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0305
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0305
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0310
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0310
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0310
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0310
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0315
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0315
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0315
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0320
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0320
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0320
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0325
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0325
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0325
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0330
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0330
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0330
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0335
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0335
http://refhub.elsevier.com/S0144-8617(20)31501-0/sbref0335

	Shear-induced unidirectional deposition of bacterial cellulose microfibrils using rising bubble stream cultivation
	1 Introduction
	2 Materials and methods
	2.1 Preparation of bacterial strain and culture medium
	2.2 Cultivation of BCM with bubble stream
	2.3 Field-Emission scanning electron microscopy (SEM)
	2.4 Wide-angle X-ray scattering (WAXS)
	2.5 Vibrational SFG spectroscopy
	2.6 TD-DFT calculation of SFG
	2.7 SHG measurement

	3 Results and discussion
	3.1 Cultivation of aligned BCM tube with a bubbling
	3.2 Mathematical estimation of bubble size and shear stress
	3.3 Parallel packing with added polarity of crystalline cellulose Iα in the BCM tube

	4 Conclusion
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	References


