
Page 1/22

Tailoring Growth of MOF199 on Hierarchical Surface
of Bamboo and Its Antibacterial Property
Minglei Su 

International center for bamboo and rattan https://orcid.org/0000-0001-9435-8246
Rong Zhang  (  zhangrong@icbr.ac.cn )

International Center for Bamboo and Rattan
Jingpeng Li 

China National Bamboo Research Center
Xiaobei Jin 

International center for bamboo and rattan
Xiaofeng Zhang 

International Center for Bamboo and Rattan
Daochun Qin 

International Center for Bamboo and Rattan

Research Article

Keywords: Bamboo, MOF, Tailoring growth, Pretreatment, Antibacterial

Posted Date: March 10th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-263128/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Cellulose on October 22nd, 2021. See the
published version at https://doi.org/10.1007/s10570-021-04265-z.

https://doi.org/10.21203/rs.3.rs-263128/v1
https://orcid.org/0000-0001-9435-8246
mailto:zhangrong@icbr.ac.cn
https://doi.org/10.21203/rs.3.rs-263128/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10570-021-04265-z


Page 2/22

Abstract
Bamboo, as a fast-grown forest resource, could be functionalized by metal–organic frameworks (MOF)
with various potential applications. However, the stability of MOF immobilized on bamboo surface
remains to be improved. In this work, MOF199, as known as HKUST-1, was in situ anchoring on moso
bamboo via regulating pretreatment of bamboo and a green two-step synthesis route. The two-step
synthesis route could be completed under room temperature and both precursor solutions can be reused.
The results indicated that, with the collaboration of deligni�cation and carboxymethylation pretreatment
of bamboo, a dense and well-dispersed MOF199 coating was successfully synthesized, the adhesion
between MOF and bamboo surface was also improved. Besides, the quantity and size of MOF199 on
bamboo can be tailored by adjusting the carboxyl groups of pretreated bamboo and the concentration of
copper nitrate solution. More importantly, results show that the formation of carboxyl-copper (II) complex
served as nucleation sites for the growth of MOF199 crystals is the key to prepare uniform MOF layers.
The growth of MOF199 endow bamboo with good antibacterial activity against E. coli. This method
provides a facile and practical strategy for designing MOF coated woody materials.

1. Introduction
Metal–organic frameworks (MOF) have attracted considerable attention due to their high porosity and
surface area, �exible tunability, and well-de�ned architecture (Duan et al. 2019a). And it has been used in
antibacterial systems, gas storage, heavy metal adsorption and catalysis �elds (Nasruddin et al. 2020).
Because of MOFs are mostly in powder form and di�cult to handling with, so the
deposition/composition of various MOF onto/into various substrates is necessary to expand the
potential applications of these functional materials (Jin et al. 2013; Ren et al. 2015).

According to previous reports, MOF have been successfully synthesized onto different bio-based
materials, such as cellulose �ber (Ma et al. 2018; Wang et al. 2015), wool fabric (Lis et al. 2019), cotton
fabric (Abdelhameed et al. 2016; Emam et al. 2016), which all have loose and porous structures and
facilitate the attachment of MOF (Duan et al. 2018). In cellulose materials, various efforts have been
made to improve the attachment between MOF and the substrate by introducing carboxyl groups, such as
carboxymethylation (Duan et al. 2019a), TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated
oxidation (Duan et al. 2019b), hydrogen peroxide oxidation (Abdelhameed et al. 2016). Woody materials
consist of lignin and carbohydrates (cellulose and hemicellulose), such as wood and bamboo. They
possess hierarchical porous structure and superior mechanical properties along with its light weight,
which offers an ideal scaffold to manufacture high-performance composite materials (Chen et al. 2020;
He et al. 2020). However, in the cell wall of woody plant, lignin tightly wrapped the cellulose and
hemicellulose, because of the lack of active functional group in lignin and inconsistent lignin amounts on
the cell wall, it is di�cult for the uniform surface modi�cation on woody materials (Guo et al. 2016; Ma et
al. 2020). Compared with the lignin and hemicellulose, cellulose is easier to be modi�ed because of the
active primary alcohol in its repeating glucose structure (Abdelhameed et al. 2016). Therefore,
deligni�cation could expose cellulose and hemicellulose, which is conducive to the later



Page 3/22

carboxymethylation treatment and improve MOF attachment (Chen et al. 2020). However, it is still
challenging to control the size and quantity of MOF on the surface of such bio-materials, which have
signi�cant impacts on the performance of composites (Wyszogrodzka et al. 2016).

Bamboo has been widely used as interior decorative materials and daily necessities, such as �ooring,
furniture, fabrics and paper, especially in Asia (Li et al. 2017). However, the main drawback of bamboo is
that it is susceptible to bacteria and fungi, as for its rich nutrients content (Li et al. 2019; Zhang et al.
2020). Recently, MOF/woody composites materials have been used in several antibacterial applications
(Su et al. 2019). MOF199, which consist of copper (II) ions and 1,3,5-benzentricarboxylic acid (BTC), has
been proved to with powerful antibacterial activity on textile fabric (Ma et al. 2018; Wang et al. 2015). The
copper (II) in MOF199 can denature proteins and fatty acids in bacterial cell membrane or change
transmembrane potential, leading to cell rupture and death (Wyszogrodzka et al. 2016). In our previous
work, we successfully deposited MOF199 on the surface of moso bamboo, and the obtained materials
exhibited good antibacterial activity against both Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) (Su et al. 2019). However, due to the weakness of physical deposition between MOF and bamboo,
MOF easily disengaged from the bamboo surface and limited its application.

In this article, MOF199 was in situ synthesized on moso bamboo at room temperature in a two-step
synthesis route, as shown in Schematic 1. To improve the attachment of MOF on bamboo, pretreatment
including carboxymethylation and deligni�cation were carried out collaboratively. The growth of MOF
coating on bamboo surface was well tailored through the successive immersion of the copper nitrate and
BTC solution. The size and quantity of MOF199 on bamboo surface could be easily controlled and crystal
growth mechanism was studied. And the antibacterial properties of MOF coated bamboo were analyzed.
The study provides a new strategy for fabricating MOF-functionalized woody materials.

2. Experiments

2.1. Materials and Chemicals
Moso bamboo (Phyllostachys edulis) of four-year-old was obtained from Yongan, Fujian, China. The
bamboo samples were cut into the dimension of 20 mm×25 mm×4 mm (L×T×R) and were ultrasonic
cleaned with deionized water for 30 min, then vacuum dried at 60°C for 24 h before use.

Copper nitrate trihydrate (Cu(NO3)2·3H2O), 1,3,5-benzentricarboxylic acid (BTC, C6H3(COOH)3), sodium
chlorite (NaClO2, 80%) were purchased from Aladdin Chemistry Co. Ltd (Shanghai, China). Sodium
hydroxide (NaOH), chloroacetic acid sodium salt (ClCH2COONa), acetic acid (CH3COOH), anhydrous
ethanol (C2H5OH), triethylamine ((C2H5)3N) and N, N-dimethylformamide (DMF, (CH3)2NCHO) were
purchased from Beijing Chemical Works (Beijing, China). All these chemicals were used as received
without further puri�cation and deionized (DI) water was used in the whole process.

2.2. Pretreatment of bamboo
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Three batches of pretreated bamboo were obtained by deligni�cation and carboxylation separately and
collaboratively, the experimental process is as follows:

Deligni�cation: The natural bamboo samples were initially deligni�ed by dipping in an aqueous solution
of 1 wt% sodium chlorite (pH = 4.6, acetic acid) at 100°C for 1 h. Then the deligni�ed bamboo samples
were rinsed with distilled water and dried in vacuum oven for 24 h and marked as DB.

Carboxymethylation: The carboxymethylation of bamboo was carried out through condensation reaction
between cellulose and chloroacetate salt in the presence of sodium hydroxide (Laurila et al. 2015; Wang
et al. 2012). Natural bamboo and DB samples were respectively submerged in sodium hydroxide solution
(1 mol/L) for 30 min at room temperature, then the samples were respectively soaking in 1mol/L aqua
solution of chloroacetate salt for 30 min and dried at 85°C for 30 min. Later, the samples were
respectively acidi�ed with 2 g/L aqueous solution of acetic acid for 10 min at room temperature. Finally,
the pretreated samples were washed with distilled water to remove the excess precursor and drying in
vacuum oven for 24 h, and marked as carboxymethylated bamboo (CB), deligni�ed and
carboxymethylated bamboo (DCB).

2.3. In-situ growth of MOF199 on bamboo
The synthesis of MOF199 on bamboo was performed in a two-step route according to previous literature
with some slight adjustments (Lange and Obendorf 2015). In a typical synthesis, copper nitrate trihydrate
(17.9 g) was dissolved in 250 mL mixed solvent DMF/ethanol/water (v/v/v = 1:1:1) as solution A, BTC
(10.4 g) was dissolved in 250 ml of the same mixed solvent DMF/ethanol/water (v/v/v = 1:1:1) and 1.25
mL of triethylamine was added, as solution B. Four kinds of bamboo samples (natural bamboo, DB, CB
and DCB) were respectively submerged in solution A overnight at room temperature. After that, the
samples were taken out and wiped off the excess liquid attached, then submerged in solution B for
another 24 h. Finally, the as-prepared four kinds of MOF199 coated bamboo were washed by ethanol and
water and named as MOF199/B, MOF199/DB, MOF199/CB, MOF199/DCB, respectively.

2.4. Tailoring crystal size of MOF199
4.48, 8.95, 17.9 and 35.8 g of copper nitrate trihydrate were dissolved in 250ml solvent solution of
DMF/ethanol/water (v/v/v = 1:1:1), respectively. The DCB samples were immersed in four concentrations
of copper nitrate solution overnight. Then, after removed the excess liquid attached, samples were put
into solution B for another 24 h, respectively. Finally, the obtained samples were washed by ethanol and
water and named as MOF199/DCB-1, MOF199/DCB-2, MOF199/DCB-3, MOF199/DCB-4, respectively.

2.5. Alternative synthesis of MOF199 on bamboo
The DCB samples were �rst immersed in solution B overnight. Then the samples were taken out to wipe
off the excess liquid attached and put into the solution A for another 24 h. After that, the obtained sample
were washed by ethanol and water and named as rMOF199/DCB.

2.6. Characterization
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Micro-structure investigations were performed using scanning electron microscopy (SEM, XL30ESEM-
FEG, PHILIPS, Netherlands) at 10 kV. Elemental analysis was detected by an energy-dispersive X-ray
spectroscopy (EDS, quantax400, Bruker). FTIR spectrums were collected with a Thermo iS10 FT-IR
spectrometer (Nicolet, USA) using an attenuated total re�ection (ATR) module, at a scanning number of
64 and spectral resolution of 4 cm− 1, ranging from 600 cm− 1 to 4000 cm− 1. The crystalline structures of
the samples were identi�ed by X-ray diffraction (XRD, X' Pert PRO MPD, Nalytical, Netherlands) using Cu
Kα radiation at a scan rate of 2 °/min and generator voltage of 40 kV, ranging from 5° to 80°. X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi, USA) was used to analysis the elemental
valence, which were obtained using an ESCALab MKII X-ray photoelectron spectrometer with Al Ka X-ray
radiation as the excitation source.

2.7. Antibacterial test
The antibacterial properties of MOF coated bamboo against E. coli (ATCC 25922) were performed
according to the Japan Industry Standard JIS Z 2801 − 2000 and Chinese Industry Standard QB/T 2591 
− 2003. On the surface of each sample, 0.2 mL of the E. coli bacteria suspension with the concentration
of 5.0–10.0 × 105 CFU/ml was added, and each sample was covered by polyethylene �lms (18 × 18
mm2), respectively. Then the inoculated samples were incubated for 24 h (37 ± 1°C, RH > 90%). After
incubation, each sample and polyethylene �lm were rinsed by 20 ml eluent (with 0.5% Tween 80), the
dilutions of each sample were collected and 20 ul of each dilution was inoculated respectively on nutrient
broth, and cultured for another 24 h at 37 ± 1°C. Finally, the number of bacteria colony of each sample
was calculated according to Chinese Standard GB 4789.2-201623 and the actual data as CFU/piece are
presented. The antibacterial test for each sample were repeated three times.

The calculation formula of antibacterial rate is as follows:

In which:

AR —— Antimicrobial rate (%)

B —— The average number of recovered bacteria in the blank control sample (CFU/piece)

C —— The average number of recovered bacteria in the antibacterial sample (CFU/piece)

3. Results And Discussion

3.1. Morphology and chemical composition of pretreated
bamboo

AR (%) = × 100%
B− C

B
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Bamboo is principally consisted of parenchyma and �ber, whose cell wall is mainly composed of
cellulose micro�brils embedded in a matrix composed of lignin and hemicellulose. Here, an e�cient
pretreatment method of bamboo was established by deligni�cation collaborating with
carboxymethylation, in which deligni�cation could increase the porosity of bamboo templates and
facilitate the permeation of precursor solution, and carboxymethylation could improve the attachment of
MOF on bamboo surface. As control, individual pretreatment of deligni�cation or carboxymethylation
were also performed. To investigate the in�uence of pretreatment on morphology and chemical
composition of bamboo, the SEM images and FTIR spectra of natural bamboo and pretreated bamboo
DB, CB and DCB were obtained. As shown in Fig. 1b, c, d, the hierarchically organized cell structure of DB,
CB and DCB is well preserved. However, images of the cell corner (Fig. 1j, k, l) revealed that the
deligni�cation or carboxymethylation pretreatment removed the innermost surface layer of the
parenchyma cell walls.

Deligni�cation is effective to increase the porosity of bamboo. After deligni�cation, nano-scale pore and
multilayer cell wall structure appeared in the cell wall and middle lamellae (Fig. 1j, l), suggesting a higher
porosity. And the parenchyma cell surface of DB and DCB (Fig. 1f, h) is smoother than that of natural
bamboo (Fig. 1e), due to highly ordered cellulose of the micro�brils exposed after lignin removal (Chen et
al. 2020). From a macroscopic view in Fig. 1m, the original yellowish bamboo became bleached (DB)
after deligni�cation, indicating successful removal of the dark-colored lignin with the colorless
polysaccharides exposed (Guan et al. 2018). The deligni�cation treatment was further identi�ed by FTIR,
the characteristic peaks of lignin at 1655, 1600, 1512, 1458 and 834 cm− 1 disappeared in DB (Fig. 1n).

To enhance the bonding strength between MOF199 and bamboo, carboxyl groups were introduced to the
bamboo surface by carboxymethylation. Remarkably, the increase of bands at 1594 cm− 1 in CB indicated
that the active carboxyl group was successfully introduced into the bamboo surface by
carboxymethylation. Meanwhile, the hemicelluloses (mannan and xylan) and some lignin-like
polyphenols in the innermost surface layer were removed by the alkali treatment (Kim et al. 2012), as the
entire absence at 1736 cm− 1 (hemicellulose-related peaks) and signi�cant decrease at 1245 cm− 1

(hemicellulose and lignin-related peaks) were found in FTIR spectra of CB. These results are in good
agreement with those from the research of carboxymethylation of European beech (Fagus sylvatica) (Tu
et al. 2020). According to previous research, alkali treatment of bamboo can also improve the surface
roughness of bamboo (Costa et al. 2017), which is conducive to the attachment of MOF onto bamboo
surface.

To facilitate the introduction of carboxyl groups, collaboration of deligni�cation and carboxymethylation
treatment of bamboo were used. Deligni�cation increases the surface porosity of the bamboo, exposed
the cellulose in the cell wall, thus facilitate carboxymethyl reactions. As noted, a new large wide peak
within 1540–1650 cm− 1 appeared in DCB, which was attributed to the C = O stretching vibration in the
introduced carboxyl groups (Duan et al. 2019b). Meanwhile, the characteristic peaks of lignin and
hemicellulose (1729, 1655, 1512, 1458, 1245 and 834 cm− 1) in DCB disappeared in FTIR results. SEM
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images showed that several folds appeared in the parenchyma cell wall of DCB, accompanied with
hollow of the cell wall corner (Fig. 1d, h, l), resulting from the loss of hemicellulose and lignin.

3.2. Tailoring growth of MOF199 on Bamboo

3.2.1. In-situ growth of MOF199 on pretreated bamboo
SEM images of MOF grown on parenchyma and �ber cell surface in pretreated bamboo were shown in
Fig. 2 and Fig. S1. On MOF199/B, only loose and small-sized MOF199 crystals were observed (Fig. 2a, e
and Fig. S1a, e). On MOF199/DB, uniform crystals with octahedral shape and relatively big size were
found (Fig. 2b, f and Fig. S1b, f). And on MOF199/CB, large numbers of MOF199 with relatively small size
distributed uniformly (Fig. 2c, g and Fig. S1c, g). Furthermore, a much denser MOF199 crystal was found
on MOF199/DCB (Fig. 2d and Fig. S1d), and magni�ed image (Fig. 2h and Fig. S1h) revealed that the
crystal size on MOF199/DCB was the smallest among the three pretreated bamboo samples, around 0.3–
1.2 nm (Fig. S2).

The EDS spectra of four kinds of MOF199 coated bamboo and the natural bamboo were presented in
Fig. 2a, b, c, d and Fig. S3, respectively. Elemental analysis results also demonstrated that the copper
content of MOF199/DCB (11.1%) was higher than MOF199/CB (8.5%) and MOF199/DB (6.0%), while
MOF199/B has a minimum copper content of 0.5%, which is consistent with SEM results and our
prediction. Figure 3 shows the X-ray diffractograms of natural bamboo and MOF199 coated bamboo.
Three diffraction peaks at 2θ of 16°, 22.5° and 35° could be attributed to the (101), (002) and (040)
crystal faces of cellulose, respectively. And the new peaks at 6.6°, 9.5° and 11.5° corresponding to the
(200), (220) and (222) crystal faces of MOF199, which are well consist with other literature (Lis et al.
2019; Loera-Serna et al. 2012; Wang et al. 2015). The XRD analysis indicated that the successful
synthesis of MOF199 on bamboo. It should be noted that, MOF199/DCB sample displayed the sharpest
characteristic peaks in all samples, suggesting that collaborating treatment of deligni�cation and
carboxymethylation is conducive for the crystal growth of MOF199 on the surface of bamboo. The above
results indicate that pretreatment is essential for the in-situ growth of MOF199 on bamboo.

3.2.2. Tailoring crystal size of MOF199 on bamboo
The crystal size could also be controlled in our two-step synthesis process by adjusting the concentration
of copper nitrate solution. Four gradient concentrations of copper nitrate solutions were used in the same
procedure with the uni�ed concentration of BTC solution and four different MOF199/DCB samples were
obtained. SEM results and particle size measurements suggest the crystal size of MOF199 increased with
increasing Cu2+ ion concentration (Fig. 4 and Fig. S4). Besides, the EDS analysis revealed that the Cu
content of MOF199/DCB samples increased with added of Cu2+ ion concentration in the prepared
solution (Table S1). Similarly, the same increase trend was observed in the XRD (Fig. S5) and FTIR
spectra (Fig. S6) for the MOF199 characteristic peaks.
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3.3. Interaction analysis between MOF199 and bamboo
FTIR was used to investigate the interaction between MOF199 and bamboo cell wall after
deligni�cation/carboxymethylation, and the spectra are shown in Fig. 5. The possible interaction between
MOF199 and bamboo is through the coordination of copper (II) ions and carboxyl group. The peaks at
730, 761, 1375 and 1450 cm− 1 in MOF coated bamboo were in strong consistency with MOF199 (Lange
and Obendorf 2015; Song et al. 2011). Compared with natural bamboo, the new peak of 1648 cm− 1 in
MOF199/B replaced the original peak of 1653 cm− 1 (C = O groups of lignin structure), which is attributed
to the absorption band of carboxyl group in MOF199 (Abbasi et al. 2012; Abdelhameed et al. 2016;
Küsgens et al. 2009).

Compared with DB samples, the C = O peak of carboxyl group in MOF199/DB shift from 1635 cm− 1

(Fig. 1n) to 1643 cm− 1(Fig. 5a), resulting from the interaction between MOF199 and bamboo through the
coordination of carboxyl group from hemicellulose and Cu2+ (Abdelhameed et al. 2016). Similarly, the
bands at 1642, 1640 cm− 1 in MOF199/CB and MOF199/DCB also exhibit similar trend of shifting
(Fig. 5a), compared with the C = O peak of -COO− in CB (1594 cm− 1), DCB (1599 cm− 1) samples (Fig. 1n),
respectively. And the absorption band shift can attribute to the changes in the metal–carboxylate
interaction from COO−-Na+ to COO−-Cu2+ (Tu et al. 2020). With the increase of carboxyl group (green
boxed section in Fig. 1n) of the pretreated bamboo (DB, CB, DCB), the COO−-Cu2+ characteristic
absorption band around 1648 cm− 1 in MOF199 would shift to a lower wavenumber in MOF199/DB,
MOF199/CB, MOF199/DCB samples (Fig. 5b). This shift demonstrated that MOF199 would anchor onto
the pretreated bamboo via forming carboxyl-copper (II) complex.

The strong interaction between MOF199 and the introduced carboxyl groups in the pretreated bamboo
was veri�ed by ultrasonic desorption test. Results shown, after 20 min of sonication of the aqueous
solution, only trace amounts of MOF199 remained on the surface of the bamboo prepared by the
deposition method (Fig. S7a). In comparison, after treated in the same ultrasonic condition, a large
amount of MOF199 still remain on the surface of MOF199/DCB (Fig. S7b). In summary, FTIR results and
ultrasonic desorption test demonstrated there were strong interactions between the pretreated bamboo
and MOF199, which is bene�cial to the anchoring of MOF on bamboo substrate.

3.4. Growth mechanism of MOF199 on bamboo
In our synthesis route, the growth of MOF199 here was a separated two-step process, including
adsorption of copper (II) ions and desorption-nucleation process. In the �rst step, the adsorption of Cu2+

is initiated after immersing bamboo in copper nitrate trihydrate, which is mainly divided into two forms:
weak adsorption and strong adsorption. Weak adsorption refers to the Cu2+ ions are physically adsorbed
in hierarchical bamboo surface. Strong adsorption refers to the binding between Cu2+ ions and strong
polar groups of cellulose units, carboxylic acid of hemicellulose or phenolic hydroxyl groups and
aromatic esters of lignin (Hoffmann et al. 2008; Rowell 1984). In the second step, after placing the Cu-
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adsorbed bamboo blocks into BTC solution, the adsorbed Cu2+ ion with weak interactions will desorb in
the solution. And the polydentate ligand, BTC would capture the free Cu2+ ions and form molecule
clusters. Meanwhile, the carboxyl-copper (II) complex on pretreated bamboo would act as nucleation site
and allow the in-situ MOF199 growth by attracting free ions and clusters in solution.

The cell wall of bamboo is mainly composed of lignin, cellulose and hemicellulose, and the formation
mechanism of MOF199 on pretreated bamboo with different functional group fractions is revealed by
Fig. 6. The carbonyl or carboxylic functions of lignin may explain why natural bamboo show a slightly
a�nity toward MOF199 crystals (Küsgens et al. 2009; Liu 2007). After deligni�cation, hemicellulose of
DB was exposed which facilitate the coordination with Cu2+ for the following MOF growth, as most of the
carboxyl groups in bamboo came from hemicellulose such as glucuronic acid (Michell et al. 1965).
Carboxymethylation of natural bamboo alone can also promote MOF attachment by introducing active
carboxyl groups in the phenolic hydroxyl of lignin, and alcohol of cellulose (Konduri et al. 2015).
Collaboration of deligni�cation and carboxymethylation would introduce large numbers of carboxyl
groups in cellulose of DCB, provided enough active sites for coordinating Cu2+ thus formed a dense and
evenly distributed MOF coating. However, the large number of carboxyl-copper (II) complex would initiate
the rapid nucleation of MOF, which lead to a quick precursor consumption and relatively small-sized MOF
crystals on bamboo surface (Fig. 2h) (Su et al. 2019).

The order of immersion in copper nitrate or BTC solution was found to be another critical factor for the
growth of MOF199 on bamboo surface by the two-step manufacturing process. In our hypothesis, the
initial absorption of Cu2+ on pretreated bamboo was critical for the following MOF growth. By exchanging
the order of immersion of the two precursor solutions, the sample was prepared as rMOF/DCB. As
expected, few crystals were found on rMOF/DCB surface with a different truncated octahedral
morphology (Fig. S8). XRD and FTIR results con�rmed those crystals exhibit the same characteristic
peaks as MOF199 (Fig. S5 and Fig. S6). According to the XPS data, the Cu 2p3/2 spectrum of
MOF199/DCB (Fig. 7a) located three peaks at 935.2, 940.2 and 944.1, all corresponding to Cu-O in
MOF199 (Li et al. 2014). While the asymmetrical Cu 2p3/2 peak of rMOF/DCB splitted into two peaks, the
emerging stronger characteristic peak at 932.6 eV is attributed to Cu-O in carboxyl-copper (II) complex
and the week characteristic peaks at 934.8 eV belong to MOF199 (Fig. 7b) (Lemaire et al. 2016; Chawla et
al. 1992; Senthil Kumar et al. 2013; Zhong 1989). XPS results suggested the rMOF/DCB sample adsorbed
a large amount of Cu2+ ion by carboxyl group and only a small amount of them eventually formed
MOF199 crystals. The results further demonstrated the attachment of Cu2+ ion on the modi�ed bamboo
could serve as nucleation sites for the formation of MOF199 crystals, which is the key to prepare of
uniform MOF layers.

3.5. Antibacterial property of MOF199 coated bamboo
Escherichia coli is a common bacterium that endangers human health. The antibacterial activity testing
results against E. coli are shown in Fig. 8. The pristine bamboo showed very low antibacterial activities,
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as for it contains natural antibacterial substances (Afrin et al. 2012). By contrast, the surviving bacterial
colonies on the plate signi�cantly decreased in MOF199 coated samples. The antibacterial property of
MOF199 coated samples is ranked by antibacterial ratio (AR) in a decreasing order: MOF199/DCB
(91.4%), MOF199/CB (69.8%), MOF199/DB (64.9%), MOF199/B (55.6%). Particularly, the MOF199/DCB
resulted the lowest surviving colonies, suggesting the uniform and well-dispersed dense MOF199
coatings on bamboo would lead to a better antibacterial property. According to previous studies, the
particle size and shape appear to be the most signi�cant variables determining the antibacterial activity
of solids. And decreasing particle size might be bene�cial because it results in considerable enhancement
of the surface area, as well as the increased density of edge and corner sites on the surfaces of
nanoparticles (Wyszogrodzka et al. 2016). Therefore, the tailoring growth of MOF199 including crystal
size and amount is of great signi�cance for the optimal antibacterial properties of woody materials.

4. Conclusions
In this work, the in-situ growth of MOF199 on bamboo surface was tailored via pretreatment and a green
two-step synthesis route. Results shown the collaboration of deligni�cation and carboxymethylation
pretreatment of bamboo facilitated to form a dense and durable MOF199 layers, which exhibited
excellent antibacterial activity against Escherichia coli (E. coli). In addition, the quantity of MOF199
increased with the increase of introduced carboxyl groups, and the crystal size of MOF199 increased with
increase of the concentration of copper solution. Particularly, the formation of carboxyl-copper (II)
complex served as nucleation sites was found to be a critical factor for the in-situ growth of MOF199 on
bamboo surface. This study provides an optimized strategy for preparing a MOF/woody composites with
great potential in various functions.
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Figure 1

SEM images of natural bamboo (a, e, i) and pretreated bamboo DB (b, f, j), CB (c, g, k) and DCB (d, h, l);
Optical images (m) and ATR-FTIR spectra (n) of natural bamboo and pretreated bamboo DB, CB and
DCB.
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Figure 2

SEM and EDS images of parenchyma cell in MOF199/B (a, e, i), MOF199/DB (b, f, j), MOF199/CB (c, g, k)
and MOF199/DCB (d, h, l).
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Figure 3

XRD spectra of simulated MOF199, natural Bamboo, MOF199/B, MOF199/DB, MOF199/CB and
MOF199/DCB.
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Figure 4

SEM images of MOF199/DCB-1 (a), MOF199/DCB-2 (b), MOF199/DCB-3 (c) and MOF199/DCB-4 (d).
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Figure 5

(a)ATR-FTIR spectra of natural Bamboo, MOF199/B, MOF199/DB, MOF199/CB, MOF199/DCB and
MOF199. (b) Partial magni�cation of the green box portion of the ATR-FTIR spectrum in (a).
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Figure 6

Sketches represent the growth mechanism of MOF199 on pretreated bamboo.
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Figure 7

XPS spectra of MOF199/DCB (a) and rMOF199/DCB (b).
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Figure 8

The number of E. coli colonies formed in antibacterial test of negative control (NC), natural bamboo,
MOF199/B, MOF199/DB, MOF199/CB and MOF199/DCB and the antibacterial ratio of these samples.
The inserted photos are bacterial colonies of E. coli in antibacterial test.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

schematic1.jpg

SupplementaryInformation.docx

https://assets.researchsquare.com/files/rs-263128/v1/2e04e4643958228a668662b8.jpg
https://assets.researchsquare.com/files/rs-263128/v1/361fb7852862758003a711b6.docx

