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Abstract: Paper packaging materials have been widely applied in our daily life. To maintain the
quality of packed goods as well as the mechanical property, there is a need to enhance the paper water
vapor barrier function. Although long-chain cellulose esters with saturated aliphatic chains have been
employed as barrier coatings due to their excellent hydrophobicity as well as film-forming properties,
the coated unsaturated cellulose esters would be beneficial to design reactive materials to further enrich
their functionalities, e.g., antibacterial performance. Herein, solutions of cellulose undecenoyl esters
(CUEs) were bar-coated to base papers. Obvious coating films were formed on the paper surfaces from
the coating grammage of 6.25 g m~2. The resulting CUE-coated papers displayed good mechanical
performance, hydrophobicity, and water vapor barrier property (the barrier ratio up to 66.35%),
and the best coating grammage was 11.62 g m~2. Additionally, the reactivity of the coated paper
was evaluated by further immobilization of the antibacterial agent (polyhexamethylene guanidine
hydrochloride (PHGH)) using photo-click thiol-ene and condensation reaction. The generated paper
exhibited good antibacterial and water vapor barrier performance. The obvious reactivity of our
CUE-coated paper indicated the great possibility to design multi-functional paper packaging materials.

Keywords: water vapor barrier coating; cellulose undecenoyl ester; paper packaging; reactivity;
antibacterial property

1. Introduction

Water vapor barrier property is of great importance for packaging materials. The decrease in
the water loss would be beneficial to the quality of packed goods [1,2]. Although the ubiquitous
plastic packaging materials have excellent moisture barrier performance, they result in environmental,
energy and health problems [3,4]. In this case, paper packaging materials have emerged due to their
biodegradability, recyclability, renewability, flexibility, low cost, lightweight, good mechanical strength,
and printability [5,6]. However, on one hand, the hygroscopicity is the intrinsic weakness for paper
packaging materials due to the abundant hydroxyl groups; on the other hand, the existing porous
structure of paper itself also caused its poor barrier performance. Accordingly, the quality of packed
goods as well as the mechanical property of paper would be affected [7-9]. Therefore, there is a need
to enhance the paper water vapor barrier function for packaging applications.

To meet the above-mentioned requirements, paper is usually coated or laminated by hydrophobic
polymers, and the commonly used polymers are synthetic polymers, e.g., polyethylene [10]. Recently,
natural polymers have attracted great attention due to the promotion of a sustainable development [11].
Among them, cellulose has been known as the most abundant natural polymers on the earth, and it
would be desirable as coating materials. However, its existing large amount of hydroxyl groups results
in its natural hygroscopicity. In this case, cellulose needs to be modified to generate hydrophobic
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cellulose derivatives [12,13]. Long-chain cellulose esters, as one of the most studied cellulose derivatives,
show excellent hydrophobicity as well as film-forming properties, which have been employed for paper
barrier coatings [14,15]. Furthermore, concerning the coating strategy, dispersion coating method is
preferred for barrier application due to the formation of a uniform and dense polymer film on paper
surfaces [16]. In Willberg-Keyrildinen’s research group, they coated cellulose esters onto kraft paper
and found that cellulose C16 ester coating with a grammage of 52 g m~2 and a coating thickness of
12.2 um decreased the WVTR of kraft paper by 84% [17]. In Havimo’s research, the chloroform or
acetone solutions of cellulose hexanoates and cellulose palmitates were leveled to the paperboard
surface by a coating grammage of approximately 10 g m~2. The water vapor barrier properties were
obviously enhanced by the coating, and the attached chain length in the cellulose structure showed a
close relationship with the water vapor transmission performance [18].

Although the cellulose esters have been known as excellent barrier coatings for paper and board,
there is no reactivity for the coatings which could be further functionalized to broaden the application
scope of barrier papers, e.g., antibacterial performance, which is crucial for food packaging to not only
inhibit bacteria from being contacted with the paper surface but also prevent the bacterial growth and
even kill them [19].

In our previous work, we have synthesized insoluble cellulose 10-undecenoyl ester (CUE) [20].
After spray-coating onto filter paper, the CUE-coated paper displayed superhydrophobicity and
reactivity. Morphology analysis showed irregular protuberances with a claw-like bulge of the
coated CUE particles on the paper surface resulted in the micro/nanostructure necessary for the
superhydrophobic performance. Since the CUE particles could not totally cover the pore of the
underneath paper, the coated paper exhibited negligible effect on the moisture barrier property.
To endow the CUE with good film-forming performance for barrier application, in this work,
we synthesized soluble CUE and coated their solution onto base papers by bar coater. With the
thorough investigation of the physical properties, morphology, mechanical property, wettability, and
water vapor barrier property of the coated papers with various coating grammages, the optimal coating
amount was concluded. Further attachment of PHGH onto the CUE-coated paper endowed its good
antibacterial properties, indicating the reactivity of the CUE coating.

2. Materials and Methods

2.1. Materials

Bleached bagasse pulp (Guangxi, China), microcrystalline cellulose (MCC) (50 pm, Sigma-Aldrich,
Darmstadt, Germany), 10-undecenoyl chloride (98%, Macklin), 3-mercaptopropionic acid (MPA,
98%, Aladdin, Shanghai, China), 2,2-dimethoxy-2-phenyl-acetophenone (DMPA, 99%, Aladdin),
1-(3-dimethyl-aminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC, 98%, Aladdin), pyridine
(AR, Aladdin), ethanol (AR, Aladdin) and chloroform (AR, Aladdin), Polyhexamethyleneguanidine
hydrochloride (>95.0%, 533.03 Da, Guangdong Wengjiang, Shaoguan, China), Nutrient agar (Qingdao
Hope Bio-Technology, Qingdao, China) and Escherichia coli (E. coli) (China Center of Industrial Culture
Collection, Beijing, China) were used as received.

2.2. Synthesis of Cellulose 10-Undecenoyl Ester (CUE)

CUE was synthesized according to our previous work with minor modification [20]. Briefly,
pre-dried MCC (1.3 g, 8.0 mmol, 1 eq) was suspended in pyridine (40 mL) and heated at 100 °C.
10-Undecenoyl chloride (10.3 mL, 48.0 mmol, 6 eq) was then added into the above suspension.
After reaction for 1 h, the raw product was obtained by precipitating the above solution in ethanol
(200 mL) and separating by centrifugation. The product was further purified through redissolution in
THF and reprecipitation in ethanol for three times. The resulting CUE was finally dried in vacuum to
get a white solid (4.5 g).
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2.3. Preparation of CUE-Coated Paper

Base papers with a basis weight of 102 + 2 g m~2 (thickness of 138.6 + 3.5 um) were prepared by the
conventional Rapid-Koethen hand sheet maker without any additives and fillers by the bagasse pulp
(46°SR). Subsequently, the chloroform solutions of CUE with a concentration of 2.5 wt % (viscosity:
5.58 + 2.81 mPa s) were coated onto the above base papers by bar coater (coating speed: 50 mm s~!,
profile rod: 16 um-#07, ZAA 2300, Zehntner Testing Instruments, Gewerbestrasse, Switzerland).
Through the change of the coating times, CUE-coated papers with coating grammages of 0.97, 2.47,
6.25, 11.62 and 21.38 g m~2 were generated. After coating, the resulting papers were dried at
room temperature (RT) overnight. Accordingly, the coated papers were named as CUE gy-coated
paper, CUE; 47-coated paper, CUEgy5-coated paper, CUE;; gp-coated paper and CUE;; 3g-coated

paper, respectively.
2.4. Characterization

2.4.1. Chemical Structure

The synthesized CUE was characterized by 'H and 3C NMR spectroscopy recorded in
CDClj at RT using an AVANCE III HD500 spectrometer (Bruker, Ettlingen, Germany). Moreover,
the chemical structure of unmodified paper, CUE-coated papers, MPA-attached CUE-coated paper and
PHGH-attached CUE-coated paper was characterized by ATR FTIR spectroscopy (TENSOR II, Bruker)
with the record range from 4000 to 400 cm™~!. Additionally, the CUE-coated papers with various coating
grammages were further characterized by an ESCALab 250Xi X-ray photoelectron spectrometer (XPS,
ThermoFisher Scientific, Waltham, MA, USA) with an Al X-ray source operated at 150 W.

2.4.2. Physical Properties

The coating thickness of the coated papers was calculated by the average thickness difference
between the unmodified paper and CUE-coated papers at the same point by a digital micrometer
(Btichel B. V., The TMI Group Company, Veenendaal, The Netherland). The Bekk smoothness of the
unmodified paper and coated papers was measured by the automatic Bekk smoothness and porosity
tester (K533, Biichel B. V., The TMI Group Company) according to NEN 2014.

2.4.3. Morphology

The scanning electron microscopy (SEM) images of CUE-coated papers with various coating
grammages in comparison with unmodified paper were captured by scanning electron microscope
(PHENOM F16502, Eindhoven, Netherland) at 10 kV. Samples were gold-sputtered before measurement.

2.4.4. Mechanical Property

The tensile index and elongation at break of unmodified paper and CUE-coated papers with various
coating grammages were measured according to ISO1924-3 by a tensile tester (Lorentzen&Wettre,
Kista, Sweden). Each sample was tested for five times.

2.4.5. Contact Angle

The contact angle images (after stabilization for 15 s) of unmodified paper and CUE-coated papers
with various coating grammages was taken by a contact angle measuring instrument (DSA 100, KRUSS,
Hamburg, Germany) at a droplet volume of 4 pL (deionized water), and the according values were
automatically calculated.

2.4.6. Water Vapor Transmission Rates

The water vapor transmission rates (WVTRs) of unmodified paper and CUE-coated papers with
various coating grammages were measured by a wet cup method at 22 °C and 51% RH (TSY-T1,
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Labthink, Jinan, China) [21]. The barrier ratio was calculated to be the ratio of the WVTR value
difference between the CUE-coated paper as well as unmodified paper and the WVTR value of the
unmodified paper.

2.4.7. Reactivity

The reactivity of CUE-coated paper was identified by the chemical immobilization of MPA through
a photoclick thiol-ene reaction followed by the condensation reaction between the attached carboxylic
groups and amine groups from polyhexamethylene guanidine hydrochloride (PHGH). In brief, the
CUEj1 gp-coated paper with a size of 3 cm X 3 cm was impregnated into an ethanol solution of MPA
(0.058 mol L~1) and DMPA (0.003 mol L1, catalyst). Upon UV illumination for 10 min, the modified
paper was washed by ethanol and dried (named as MPA-attached CUE-coated paper). The above
paper was then immersed into an aqueous solution of EDC (0.05 mol L) and PHGH (0.037 mol L)
followed by shaking at RT for 30 min and thoroughly washing by water and drying (named as
PHGH-attached CUE-coated paper).

2.4.8. Antibacterial Property

The minimal inhibitory concentration (MIC) of PHGH was measured according to the literature [22].
Accordingly, the antibacterial property of PHGH-attached CUE-coated paper was then investigated by
resisting to the Gram-negative bacteria Escherichia coli (E. coli) through ring diffusion method with
CUE-coated paper as reference. In detail, 0.1 mL of E. coli cell suspension of 106 CFU mL~! was spread
on nutrient agar plates with roundish paper (® 10 mm) putting on the surface of the agar followed by
incubation at 37 °C for 20 h. Images of the according systems were finally captured.

3. Results and Discussion

3.1. Chemical Structure

The 'H and 3C NMR spectra of the synthesized CUE are shown in Figure 1. In the 'H NMR
spectrum (Figure 1a), the peaks at 1.00~1.70, 2.00, 2.29, 3.00~5.25, 5.77 ppm were ascribed to the
hydrogen from the methylene groups, the methylene groups adjacent to the C=C groups, the methylene
groups adjacent to the ester groups, the anhydroglucose units of cellulose including the methylene
groups from the C=C group, and the methine groups from the C=C group of the attached undecenoyl
groups, respectively [23]. As for its 13C NMR spectrum (Figure 1b), the peaks at 25.10, 29.14, 34.16,
62.15~101.51, 114.41, 139.25, 171.92~173.26 ppm were attributed to the carbons from the methylene
groups adjacent to the ester groups, the methylene groups, the methylene groups adjacent to the C=C
group, the cellulose backbone, the methylene groups from the C=C groups, the methine groups from
the C=C groups of the undecenoyl groups, and the ester groups, respectively [24]. These NMR results
indicated the successful synthesis of the CUE compound. Furthermore, according to the integral areas
of the signals of the cellulose backbone and the C=C groups from the attached undecenoyl groups, the
DS value was calculated to be 2.75 according to the literature. Such high DS value of the generated
CUE would lead to its good solubility in comparison with our previously synthesized insoluble CUE
particle with a low DS value (0.62) [20].
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Figure 1. (a) 'H and (b) '3C NMR spectra of CUE (CDClj3 as solvent) with inserted molecular structure
of CUE.

Furthermore, chloroform solutions of the synthesized CUE compounds were coated onto the paper
surfaces with various coating grammages, and the FTIR spectrum of the generated CUE-coated paper in
comparison with that of the CUE and unmodified paper is demonstrated in Figure 2. The peaks at 3068,
2920, 2854, 1740, 1637, 903, and 722 cm™! in the CUE were ascribed to the stretching vibration of the
=C-H groups, asymmetric stretching vibration and symmetrical stretching vibration of the methylene
groups, the stretching vibration of the ester groups and the C=C groups, the bending vibration of the
=C-H and methylene groups, respectively [20,25]. As expected, the CUE-coated paper showed all the
signals of the CUE compared with the unmodified paper. Interestingly, the peak at 3307 cm™! in the
unmodified paper that was ascribed to the stretching vibration of the hydroxyl groups blue shifted to
3480 cm~! and the peak intensity also reduced in the CUE-coated paper. This phenomenon could be
explained by the fact that not only the coating hided the signals of paper itself during the ATR FTIR
measurement, but also the attachment of the undecenoyl groups to the hydroxyl groups decreased their
signals and the formed hydrogen bonds [26]. However, the existing signals of the hydroxyl groups in
CUE and CUE-coated paper indicated the part substitution of the undecenoyl groups onto the cellulose
backbone, which was consistent with the calculated DS value from the above 'H NMR result.
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Figure 2. FTIR spectra of CUE, unmodified paper, and CUE-coated paper (CUE; gp-coated paper).

The CUE-coated paper sheets with various coating grammages were further investigated by XPS
spectroscopy. The corresponding high-resolution spectra of C 1s with peak differentiation imitating
analysis of the unmodified paper and CUE g7-coated paper as well as C1s XPS spectra of CUE( g7-coated
paper, CUE; 47-coated paper, CUEg »5-coated paper, CUE;; g;-coated paper, and CUEy 33-coated paper
are displayed in Figure 3a—c, respectively. As seen from Figure 3a, the three peaks at approximately
283.8, 285.5 and 286.8 eV that were attributed to the C—-C/H, C-O, and O-C-O structures appeared in
the unmodified paper [27]. Moreover, as for the unmodified paper, the peak area of the C-O structure
was bigger than that of the other two structures, which was consistent with the cellulose structure.
After coating of CUEs on its surface, a new peak at approximately 287.7 eV emerged (Figure 3b),
which was ascribed to the O-C=0 structure [28]. Furthermore, the peak area of the C-C/H structure
in the CUE-coated paper increased in comparison with that of the unmodified paper, while the peak
area of the C-O and O-C-O structures decreased. All these results suggested that CUEs had been
successfully coated on the paper surface. Additionally, Figure 3c demonstrated the peak intensity
of C—C/H structures rose with the increase in the coating grammages, which matched well with our
preparation procedures.
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Figure 3. Cont.
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Figure 3. High-resolution Cls XPS deconvolution spectra of unmodified paper (a) and CUE( g7-coated
paper (b); and (c) Cls XPS spectra of CUE gy-coated paper, CUE; 47-coated paper, CUEg >5-coated
paper, CUE;; 4;-coated paper and CUE;; 3g-coated paper.

3.2. Physical Properties

The coating thickness and Bekk smoothness of the coated paper was investigated, and the
results are shown in Table 1. Please note that the Bekk smoothness was expressed as air penetration
time through the paper. The longer the time was used, the higher smoothness of paper was. As for
CUE g7-coated paper, the coating thickness could not be measured and its Bekk smoothness (578 + 23 s)
was similar to that of the unmodified paper (539 + 16 s). This phenomenon might be due to the relatively
low coating grammage. With the further increase in the coating grammage, the coating thickness of the
CUE; 47-coated paper, CUE¢ »5-coated paper, CUE;; g-coated paper, and CUEj; 33-coated paper was
1.0+04,3.7+1.7,87 +0.9,and 18.3 £ 0.9 pm, respectively. Obviously, the coating thickness increased
with the increment in the coating grammage as expected. Additionally, their Bekk smoothness was
639 + 33, 2689 + 103, 4197 + 255, 4182 + 399 s, respectively. It can be seen that when the coating
grammage was 6.25 g m~2, the Bekk smoothness underwent sharp increase, indicating a smoother
surface was generated.

Table 1. Coating thickness and air penetration time of CUE| g7-coated paper, CUE; 47-coated paper,
CUEg 25-coated paper, CUEq; gp-coated paper and CUEy; 33-coated paper.

Sample Coating Thickness/um Bekk Smoothness/s
Unmodified paper - 539 £ 16
CUE g7-coated paper - 578 + 23
CUE; 47-coated paper 1.0+04 639 + 33
CUEj 5-coated paper 37+17 2689 + 103
CUE{; gp-coated paper 8.7+09 4197 + 255
CUEy 38-coated paper 18.3+0.9 4182 + 399

3.3. Morphology

To further understand the above-mentioned physical properties, the morphology of unmodified
paper and CUE-coated paper with various coating grammages was observed by SEM, and the captured
pictures are displayed in Figure 4. As shown in Figure 4a,b, cellulose fibers interlaced with each other
in the unmodified paper, while the CUE-coated paper with a lower coating grammage (CUE( g7-coated
paper) almost exhibited no obvious surface change. Therefore, its coating thickness was difficult
to be determined. With the further increase in the coating grammage, the CUEs covered on the
cellulose fibers as well as filled in the pores of the paper with the final film formation on the surfaces
(Figure 4c—f). This surface morphology was obviously different from that of the superhydrophobic
CUE-coated paper in our previous work which exhibited micro/nanostructure particles on the paper
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surface [20]. When the coating grammage was 6.25 g m~2, the paper surface almost covered with CUE
film. This phenomenon matched well with the Bekk smoothness result. Additionally, the cross-section
images of the unmodified paper and CUE1 ¢;-coated paper are shown in Figure 4g,h. Compared with
the unmodified paper, an obvious film was observed on the CUEq; ¢p-coated paper surface, which
would be desirable for the water vapor barrier.

.. g
*,

Figure 4. SEM surface images of unmodified paper (a), CUE g7-coated paper (b), CUE; 47-coated
paper (c), CUEg »5-coated paper (d), CUEq; gp-coated paper (e), and CUE; 33-coated paper (f); and
SEM cross-section images of unmodified paper (g) and CUE;q ¢;-coated paper (h).

3.4. Mechanical Property

The mechanical properties of packaging materials directly affect their practical application. Herein,
the tensile index and elongation at break of the coated papers were measured. According to Figure 5,
the unmodified paper showed a tensile index of 41.07 + 0.80 N m g~! and elongation at break of 2.44%
+ 0.06%. After coating, the tensile index of the resulting paper sheets with various coating grammages
almost displayed insignificant changes. This result could be due to the low coating thickness or
grammage of the coated papers [29]. Moreover, the CUE-coated papers displayed a slightly higher
elongation at break, which indicated the plasticity of the CUE coatings [30].

4
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Figure 5. Tensile index (a) and elongation at break (b) of unmodified paper, CUE g7-coated paper,
CUE, 47-coated paper, CUEg p5-coated paper, CUE;; gp-coated paper and CUE;; 33-coated paper.
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3.5. Wettability

The wettability is expressed as contact angle. Generally, the contact angle depends both on
the surface energy and surface roughness. Figure 6 describes the contact angle of unmodified
paper, CUE g7-coated paper, CUE; 47-coated paper, CUE >5-coated paper, CUE;1 ¢p-coated paper and
CUEy 3g-coated paper with inserted contact angle images taken after 15 s. It could be seen that the
unmodified paper was hydrophilic, while the CUE-coated paper sheets were hydrophobic with the
contact angle ranging from 117° + 1° to 101° + 1°. In comparison with that of unmodified paper which
had the similar level of surface smoothness (shown in Table 1), the obviously increased contact angle
of CUE( g7-coated paper and CUE; 47-coated paper could be due to the lower surface energy of the
CUE coatings resulted from the attached hydrophobic undecenoyl groups. Furthermore, from the
coating grammage of 6.25 g m~2, the contact angle of the coated papers slightly decreased, which could
be attributed to their sharply increased surface smoothness. Additionally, we found that the CUE
coating prepared by soluble CUEs displayed a lower surface contact angle compared with that made
of insoluble CUEs as demonstrated in our previous work [20]. This phenomenon could be due to the
formed CUE film with a lower surface roughness in this work.

120 4

o
r_Y

1 A N
100
80
60
40
20
0 T
E CUE

unmodified CUE, CUE, CUE, cu
paper coated coated coated coated coated
paper paper paper paper paper

Contact angle / °

097" 247" 625" 11.62" 2138

Figure 6. Contact angle of unmodified paper, CUE(g;-coated paper, CUE;47-coated paper,
CUEg p5-coated paper, CUEq gp-coated paper, and CUE;; 3g-coated paper with inserted contact angle
images (taken after 15 s).

3.6. Water Vapor Barrier Property

The water vapor barrier property was expressed as the measured WVTR value. As shown in
Figure 7, the WVTR value of the unmodified paper, CUE gy-coated paper, CUE, 47-coated paper,
CUEg p5-coated paper, CUEq; gp-coated paper and CUE;; 3g-coated paper was 622.4 + 21.4, 441.2 + 30.5,
369.7 £9.7,273.1 £ 13.2,209.4 + 11.2 and 192.0 + 8.1 gm~2 d !, respectively. The according barrier ratio
was calculated to be 29.12, 40.60, 56.12, 66.35 and 69.15%, respectively, indicating the good moisture
barrier performance of our designed CUE-coated papers. In comparison with the barrier properties
of CUE particle coated paper in our previous work [20], the obviously enhanced water vapor barrier
function indicated the surface morphology played an important role in the barrier performance of the
coated paper. Accordingly, the barrier mechanism could be the hydrophobicity of the CUE coatings as
well as the film formation on the paper surfaces that decreased the paper porosity [31]. Furthermore,
considering the coating amount and barrier performance, the best coating grammage of 11.62 g m~2,
which would be a good guideline for its practical application.
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Figure 7. WVTR value and barrier ratio of the CUE-coated papers as a function of the coating grammage.

3.7. Reactivity

As is known to us, the C=C groups can undergo thiol-ene reaction after UV irradiation [32].
Therefore, the reactivity of the CUE-coated paper was identified by the first photoclick thiol-ene reaction
to immobilize MPA and further condensation reaction with the PHGH agent. The resulting papers
were named as MPA-attached CUE-coated paper and PHGH-attached CUE-coated paper, respectively.
The corresponding schematic illustration of the preparation was demonstrated in Figure 8a. In the
following, their chemical structure was analyzed by ATR FTIR and XPS spectroscopy. As shown in
Figure 8b, in comparison with the CUE-coated paper, the MPA-attached CUE-coated paper showed
lower intensity at peaks of 3068, 1637 and 903 cm™!, which were attributed to the signals of CH=CH,
groups. This phenomenon suggested the successful reaction between CH=CH, groups and MPA
under UV illumination. Moreover, the peak at 1740 cm™! that was ascribed to the ester group slightly
red shifted in the MPA-attached CUE-coated paper due to the appearance of the carboxylic groups [20].
With the further attachment of PHGH onto the MPA-attached CUE-coated paper, the peak at 3480 cm™!
red shifted to 3311 cm™! with enhanced intensity as well as broad range, which could be due to
the appearance of the amine groups from PHGH as well as the hydrogen bonding between amine
groups and the hydroxyl groups from cellulose itself [33]. Additionally, the enhanced signals at
1637 and 1546 cm™~! could be resulted from the formed carbonyl amide groups and N-H groups,
respectively [34]. Interestingly, the signal for carboxylic groups decreased without disappearance,
suggesting the part substitution of PHGH onto MPA-attached CUE-coated paper. Furthermore, the XPS
spectra of CUE-coated paper, MPA-attached CUE-coated paper and PHGH-attached CUE-coated paper
are demonstrated in Figure 8c. The CUE-coated paper exhibited obvious peaks at 532 and 284 eV, which
were assigned to Ols and Cls, respectively [35]. New peaks at 227 and 163 eV that were attributed to
S2s and S2p appeared in MPA-attached CUE-coated paper. Further attachment of PHGH agents leaded
to the appearance of N1s signal at 399 eV [36]. The XPS results also confirmed the successful fabrication
of PHGH-attached CUE-coated paper. In the next, the effect of the immobilization of PHGH agents
onto the coated paper on the water vapor barrier performance was studied by WVTR measurement.
The according WVTR results are shown in Figure 8d. The WVTR value of PHGH-attached CUE-coated
paper was 202.4 + 6.8 ¢ m~2 d~!, which was slightly lower than that of the CUE-coated paper
(209.4 + 11.2 g m~2 d~! for CUEy; p-coated paper). This phenomenon could be due to the hydrophilic
property of the PHGH agents [3], leading to the contact angle of the attached CUE-coated paper with a
value of 67° + 1° (inserted in Figure 8d). This phenomenon also indicated the bottom CUE coatings
had a good moisture barrier function. Finally, the antibacterial property of CUE-coated paper and
PHGH?-attached CUE-coated paper was studied by the inhibition zone method. Please note that the
MIC of PHGH against E. coli was 11.95 ppm. As shown in Figure 8e, there was an obvious inhibition
zone with a diameter of 1.6 cm in the plate of the PHGH-attached CUE-coated paper compared with
that in the CUE-coated paper, indicating that E. coli was deactivated by the attached PHGH moieties.
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According to the literature, the antibacterial mechanism of PHGH was based on the destruction of the
bacteria cell membrane, leading to the leakage of intracellular components from bacterial cells [37].
Therefore, it can be concluded that the PHGH-attached CUE-coated paper showed both water vapor
barrier as well as antibacterial property. This preparation strategy could be employed for the design of
other multi-functional barrier materials by such reactive CUE-coated paper.

a water vapor bacterial
oo
EHGH gHGH
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Figure 8. (a) Schematic illustration of the preparation of PHGH-attched CUE-coated paper;
(b) FTIR spectra of CUE-coated paper (CUEq; gp-coated paper), MPA-attached CUE-coated paper, and
PHGH-attached CUE-coated paper; (c) XPS spectra of CUE-coated paper, MPA-attached CUE-coated
paper, and PHGH-attached CUE-coated paper; (d) WVTR value of CUE-coated paper (CUEq; gp-coated
paper) and PHGH-attached CUE-coated paper with inserted contact angle image of PHGH-attached
CUE-coated paper; and (e) Antibacterial property of CUEq g;-coated paper and PHGH-attached
CUE-coated paper.
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4. Conclusions

In summary, the solutions of synthesized CUEs with various coating grammages from 0.97 to
21.38 g m~2 were coated onto lab-engineered paper sheets by bar coater. The obvious CUE signals in
the FTIR and XPS spectra of the coated papers, indicating the successful coating of CUEs on the papers.
When the coating grammage was 0.97 g m~2, the surface morphology of the coated paper displayed
no significant change in comparison with that of the unmodified paper, leading to the difficulty in
the measurement of the coating thickness. With the further increase in the coating grammage, the
Bekk smoothness of the coated paper increased, and fibrous structure on the coated papers gradually
became invisible with obvious film formation as shown in their SEM images. Specifically, the coating
thickness ranged from 1.0 to 18.3 um and the Bekk smoothness was from 639 to 4182 s corresponding
to the coating grammage from 2.47 to 21.38 g m~2. Furthermore, the coated papers exhibited good
mechanical strength. Due to the hydrophobic property of CUEs, the contact angle of the coated paper
ranged from 117° + 1° to 101° + 1°. Accordingly, the WVTR values of the coated papers were much
lower than that of the unmodified paper with the barrier ratio from 29.12% to 69.15% during the
coating grammage range. Considering the coating amount as well as the barrier ratio, the best coating
grammage was 11.62 g m~2. This result would be a good guideline for industrial manufacture. Finally,
the reactivity of the CUE-coated paper was investigated by the photo-click thiol-ene reaction. With the
further attachment of PHGH onto the above reacted CUE-coated paper, the generated paper showed
desirable antibacterial property and water vapor barrier performance. Therefore, multi-functional
packaging materials could be designed by our CUE-coated paper.
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