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strong and high-barrier food
packaging films from cyclic-anhydride modified
bacterial cellulose†

Zhuolun Jiang, Ka Man Cheung and To Ngai *

Using non-substituted and long-chain substituted cyclic anhydrides as the esterifying agents and dimethyl

sulfoxide as the solvent, high water vapor/oxygen/bacterial resistant, mechanically/thermally strong, and

biodegradable bacterial cellulose (BC) films have been fabricated according to a simple, efficient, and

low-pollution surface modification protocol. The anhydride loading, reaction time and characterization

in terms of the esterification degree, crystallinity, microstructures, transparency, barrier resistance,

mechanical and thermal properties of the films, and fruit preservation tests were investigated.

Modification with 10 wt% dodecenyl succinic anhydride (DSA) increased the dry tensile strength (TS) of

the film to 124 MPa and the wet TS to 81 MPa in 30 min. Modification with 10 wt% octadecenyl succinic

anhydride (OSA) reduced the water vapor permeability of the film by 84% and yielded the highest

antimicrobial effect on the film surface. The film modified with 3 wt% of maleic anhydride (MA) had the

strongest oxygen barrier and preserved strawberries most effectively. These films were totally

biodegraded in soil within one month and exhibit strong potential to be bio-based and biodegradable

food packaging materials.
Sustainability spotlight

Petroleum-based plastic lms have been used extensively in food packaging. However, the most widely used plastics produce large amounts of nondegradable
waste pollutants. In recent years, bacterial cellulose (BC) has gained increasing attention as an alternative to plastic packaging because of its renewability,
biodegradability, and non-toxicity. However, due to the abundant hydroxyl groups (–OHs) on the polymer chains, BC lms show high hydrophilicity, and humid
conditions greatly reduce the strength and barrier properties of the lms. Using cyclic anhydrides as the acylants and DMSO as the solvent, we developed
a simple, efficient, and low-pollution surface modication protocol to fabricate BC lms with good mechanical and water vapor, oxygen, and foodborne
pathogenic bacterial barrier properties. Furthermore, all of the anhydride-modied lms showed visible improvements in thermal stability by around 32 °C and
good biodegradation rate (100% biodegradation in 1 month) in soil. We believe that those biobased lms display high potential in replacement of the widely
used petrochemical plastic-based food packaging materials as high water and oxygen vapor barrier, strong and biodegradable lms to greatly extend shelf-lives
of foods and effectively relieve the white pollution in the environment.
Introduction

Synthetic petrochemical-derived plastic packaging has provided
tremendous convenience in human's daily life due to its low
cost, light weight, and good mechanical strength; however,
intense concerns have been raised regarding the associated
enormous consumption of fossil fuel resources and adverse
ecosystem effects of these non-biodegradable materials.1,2 In
the past several decades, increasing attention has been paid
toward exploiting sustainable, low-cost, strong, and biode-
gradable food packaging, and natural resources such as poly-
saccharides and proteins have been highlighted.3–5 Cellulose is
ersity of Hong Kong (CUHK), Shatin, NT,

u.hk

tion (ESI) available. See DOI:

the Royal Society of Chemistry
a water non-soluble polysaccharide found widely in the cell
walls of plants and microorganisms, and has a linear structure
composed of repeating b-1,4-linked D-anhydroglucose units. For
more than a century, cellulose has been a popular component of
applications in numerous elds, including cosmetics, phar-
maceuticals, electronic devices, packaging, emulsion, and water
treatment.3,6–13 The bacterial cellulose (BC) is a bacteria-derived
cellulose material most effectively secreted by the non-
pathogenic bacteria Komagataeibacter xylinus. This material
features high chemical purity (without lignin, hemicellulose,
and pectin), non-toxicity, and an interconnected ultrane three-
dimensional (3D) structure.12,14 Compared with the production
of plant cellulose lms, the production of BC lms or suspen-
sion is greatly simplied, and the lms display superior
strength and exibility.12,15 However, due to the abundant
hydroxyl groups (–OHs) on the polymer chains, BC lms show
high hydrophilicity, and humid conditions greatly reduce the
RSC Sustainability, 2024, 2, 139–152 | 139
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strength and barrier properties of the lms, including the water
vapor and oxygen barriers. These changes can sharply reduce
the shelf-lives of oxygen-sensitive packaged foods such as
strawberries and meats due to the accelerated loss of moisture
and proliferation of microorganisms.16,17 However, these –OHs
also enable chemical functionalization of cellulose (e.g., esteri-
cation, silylation, etherication, amidation), which confers
new properties upon the BC lms and thus paves the way for
multiple practical applications in areas such as food and
biomedicine.18,19

Some studies have reported methods of hydrophobic
modication such as coating or blending of hydrophobic
agents with a hydrophilic cellulose substrate,20–23 or chemi-
cally modifying cellulose nanobers/nanocrystals using
esterifying agents (acylants) in the presence of an organic
solvent. However, these approaches have led to problems such
as decreases in the transparency, smoothness, exibility,
biodegradability, and mechanical and thermal properties of
the lms, and the consumption of large volumes of organic
solvents (e.g., ionic liquids, N,N-dimethylacetamide/lithium
chloride) during the cellulose ber dissolution, solvent
exchange, and precipitation/purication steps.24–30 2-Octe-
nylsuccinic anhydride (OSA) has been used to modify starch
for use as a common, safe food additive for years.31,32 In our
previous study, we conducted esterication using dimethyl
sulfoxide (DMSO) as a pre-swelling solvent to activate the –

OHs of BC lms and three types of long-chain anhydrides as
the hydrophobic modiers, including OSA to hydrophobically
modify the BC lm surface, fabricating BC lms with signi-
cantly promoted mechanical and barrier properties. The
resultant OSA-modied BC lms displayed the highest water
vapor/antimicrobial resistance and mechanical/thermal
properties. However, they exhibited a low biodegradation
rate in a natural environment as OSA, which bears the shortest
substituted chain, has the highest graing degree and cross-
linking capability when compared with longer-chain dode-
cenyl- (DSA) and octadecenyl-succinic anhydride (ODSA).11,32

As a result, as a follow-up of our previous work, in this study,
a cyclic anhydride with a shorter substituted group, typically,
maleic anhydride (MA), will be attempted to investigate
whether graing a shorter substituted chain to the BC surface
could achieve better results, e.g., better water/water vapor
resistance and higher crosslinking degree. In the present
study, premade BC lms were immersed in DMSO containing
anhydrides in various ratios to compare the esterication and
crosslinking capabilities of a non-substituted cyclic anhy-
dride, namely MA, with those of long-chain alkenyl succinic
anhydrides, including OSA, DSA, and ODSA. The anhydride
ratio and reaction duration were initially adjusted, during
which the reaction medium could be recycled and reused with
appropriate solvent and acylant supplementation due to the
cyclic structure of the acylant, which prevented the production
of acid byproducts in the reaction medium.33 The reaction
degree, lm micro- and crystalline structures, barrier,
mechanical/thermal, fruit preservation and biodegradation
properties of the modied lms were also explored in this
work.
140 | RSC Sustainability, 2024, 2, 139–152
Experimental section
Materials

A never-dried alkali-puried, aqueous BC suspension
(0.8 wt%; source: Komagataeibacter; ber size: 50–100 nm in
diameter, 20 mm in length) was supplied by Qihong Tech-
nology (Guilin, China). Low-density polyethylene (LDPE) lms
(thickness: 20 mm) were obtained from the local supermarket.
MA (98%) was obtained from Alfa Aesar (Thermo Fisher
Scientic, USA). OSA (95.0%; a mixture of cis- and trans-
isomers), DSA (90.0%; a mixture of branched-chain isomers),
and ODSA (93.0%; a mixture of isomers) were obtained from
Macklin (Shanghai, China). Absolute ethanol (AR grade; VWR,
Fontenay-Les-Bois, France) and deionized (DI) water (Milli-Q
grade, 18.2 MU cm) were used for purication. DMSO (GR
grade; Duksan, South Korea) was used without further
purication.

Preparation of BC lms

BC lms were fabricated by solvent casting according to our
reported method.16 The resulting dry BC lms were carefully
peeled from the dishes and stored in sealed LDPE bags at room
temperature (RT) under natural light. The thickness of each
lm was measured at 10 random points using a digital
micrometer accurate to 0.001 mm, which revealed that the
average lm thickness was approximately 40 mm. There were
no signicant differences in thickness between the BC lms
modied using different anhydrides (i.e., MA, OSA, DSA, and
ODSA).

Esterication of BC lms

A circular BC lm (diameter: 8 cm) was divided into four pieces
with identical widths (2 cm), which were soaked in a reaction
medium consisting of DMSO (20 g) and various anhydride
ratios (w/w) at 70 °C to react statically for different durations. At
various time intervals (10 min, 30 min, 1 h, and 3 h), one lm
strip was withdrawn and, washed once with absolute ethanol
and DI water in sequence via ultrasonication (37 kHz, 100%
power; 5 min for each washing step) to remove DMSO and
unreacted anhydride on the lm surface. The lm was then air-
dried in an oven at 60 °C for 24 h and stored at RT. The MA-,
OSA-, DSA-, and ODSA-modied BC lms were named C0-BC,
C8-BC, C12-BC, and C18-BC, respectively, according to the
carbon atom number of the substituted chain linked to the
cyclic structure of the anhydride.

Determination of mechanical properties

The mechanical properties of the lms were determined by
stress–strain tests using a universal tensile testing machine
(TOHNICHI, Zhuoyue, Dongguan, China). The ultimate tensile
strength (TS) and elongation at break (EAB) were calculated
according to eqn (1) and (2):34

TS = F/A (1)

EAB = DL/L (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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where F is the maximum force at the rupture point (N); A is the
lm cross-sectional area (m2); DL is the increase in length
before breakage (m); and L is the initial length between the
grips (m). These measurements were performed in triplicate,
and the averages and standard deviations are reported.

Fourier-transform infrared (FTIR) spectroscopy

The chemical structures of the lms were identied using FTIR
spectroscopy (Nicolet iS10, Thermo Scientic, USA) in the range
of 4000–400 cm−1. Each lm was scanned 32 times at a resolu-
tion of 4 cm−1 in transmission mode.

Film microstructural and elemental analysis

Scanning electron microscopy (SEM; JSM-7800F, JEOL, Tokyo)
and energy dispersive X-ray spectroscopy (EDS) were used to
characterize the microstructure and chemical compositions of
the obtained lms. SEM micrographs of the coated lms were
taken at 5000×, 20 000×, and 100 000× magnication to
observe the surface and cross-section morphology. The degree
of surface substitution (DSS; molar ratio of the graed anhy-
dride to anhydroglucosidic units of BC) of each sample was
calculated from the EDS results and the atomic weight (awt%) of
carbon in the detected region. Three locations were tested in
each sample, and the chemical composition of each lm is
presented as the mean ± standard deviation.

X-ray diffraction (XRD)

The XRD patterns of the BC lms were obtained using a diffrac-
tometer (Rigaku SmartLab 9 kW, Japan) at 40 kV and 80 mA. The
scans were conducted at 25 °C over the range of 10–50° (2q), with
a ramping rate of 10° min−1. The crystallinity index (CrI) was
calculated from the XRD diagrams according to eqn (3):35

CrI = (I22.8˚ − I18.3˚)/I22.8˚ (3)

where I22.8° is the maximum intensity of the largest crystal plane
reection of a sample, and I18.3° is the maximum intensity of the
X-ray scattering broadband caused by the amorphous part of
a sample.

Water contact angle (WCA) analysis

The hydrophobicity of the fabricated BC lms was determined
using a contact angle measurement instrument and analyzed
using SCA20 soware (OCA 25, Dataphysics Company, Ger-
many) with the “sessile drop”method.20 The test was performed
in quadruplicate on each lm, and the averages ± standard
deviations at 1 min and 5 min are reported.

Water swelling (WS) ratio

The WS ratio of the modied BC lms was calculated using eqn
(4), according to our reported method:16

WS = (M1 − M2)/M2 (4)

where M1 is the weight of a sample aer wiping, and M2 is the
weight of a sample aer preconditioning in an oven at 60 °C for
© 2024 The Author(s). Published by the Royal Society of Chemistry
5 h. These measurements were performed in triplicate, and the
averages ± standard deviations are reported.

Water vapor permeability (WVP)

The WVP of the lms was calculated according to our previous
study,16 using a constant temperature and relative humidity
(RH) chamber (SUNNE, Shangpu Instrument Equipment,
Shanghai, China). Tests were performed at an RH of 75% and
temperature of 30 °C for 24 h. The weights of the bottles were
recorded 4 h and plotted against time, and the slope of the
resulting curve was determined using linear regression. The
WVP was then calculated using eqn (5):36

WVP = (Dm × d)/(A × Dt × DP) (5)

where Dm, Dt, A, and d represent the weight difference (g), time
interval (h), lm coverage area (m2) and lm thickness (m),
respectively, and DP indicates the WVP difference (Pa) between
the two sides of the lm, which is 3182.3 Pa at 75% RH and 30 °
C. These measurements were performed in triplicate, and the
averages ± standard deviations are reported.

Thermal properties

The maximum decomposition temperature (Tmax, the temper-
ature at which the y-axis value of the differential thermog-
ravimetry (DTG) curve was lowest) was determined using
a thermogravimetric analyzer (TGA-6, PerkinElmer, USA). In the
thermal analysis, each lm sample (approximate weight, 5 mg)
was heated from 30 °C to 650 °C at a rate of 10 °C min−1 under
a nitrogen ow at a rate of 20 mL min−1.

Antimicrobial properties

The antimicrobial test was conducted according to our previous
method, using S. aureus and a modied strain of E. coli that
constitutively expresses green uorescent protein, which were
visible as dark and white dots, respectively, via microscopy.16

Phase contrast and epiuorescence microscopes were used to
observe the distribution of bacteria on the lm surfaces
according to the areas of dark or white regions. These
measurements were performed in triplicate.

Oxygen barrier properties

The oxygen barrier properties were determined using our re-
ported strategy with reduced iron powder as the oxidant using
the weight method.16,37 The tests were performed at 30 °C and
an RH of 95% for 24 h. The weights of the bottles were recorded
every 4 h and plotted against time, and the slope of the resulting
curve was determined using linear regression. The oxygen
transmittance rate (OTR) was calculated using eqn (6):

OTR = Dm/(A × Dt) (6)

where Dm and A represent the weight difference (g) and the lm
covering area (m2), respectively; and Dt denotes the time interval.

These measurements were performed in triplicate, and the
averages ± standard deviations are reported.
RSC Sustainability, 2024, 2, 139–152 | 141
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Table 1 Mechanical strength of the pristine BC and DMSO treated BC
films (1–60 min, 70 °C) in the dry state

Time TS (MPa) EAB (%)

0 28.2 � 1.5 13.6 � 0.1
5 min 114.3 � 3.8 18.2 � 1.1
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Transparency and ultraviolet barrier properties

The ultraviolet-visible (UV-vis) spectra of the lms at 200–
800 nm were obtained using a UV-vis-near infrared spectro-
photometer (UV-3600 Plus, Shimadzu, Japan) in the trans-
mission mode.
10 min 106.4 � 4.2 14.2 � 0.7
30 min 84.1 � 2.1 12.0 � 0.6
1 h 86.5 � 1.9 11.9 � 0.5
3 h 72.6 � 1.6 8.8 � 0.7
Changes in strawberry quality during storage

Fresh strawberries were purchased from a local market. The
strawberry preservation test was conducted according to our
reported method, which involved observing the appearance of
strawberries packed in containers that had been covered or not
with the lms and stored for 7 d in a refrigerator (4 °C, 40% RH)
or 2 d at RT.16 A LDPE food wrapping lm was used as the
control. The weight loss ratio of the packaged strawberries aer
7 d in the refrigerator was determined using the weight method,
and measurements were taken three times to appraise the
preservation effectiveness of the lms.
Biodegradation test

The biodegradation capacity of the lms was tested by burying
them in natural soil at a depth of 10 cm for 10–30 d.16,38 Aer 10
d, the lm fragments were removed from the soil, rinsed with
water, and dried in an oven, and the weight loss ratio was
determined using the gravimetric method and characterized by
FTIR spectroscopy. Then the tested lms were re-buried in soil
at a depth of 10 cm for 20 d to observe the biodegradation
situation.
Results and discussion

Fig. 1 depicts the explicit mechanism of acylation between the
cyclic anhydride and –OHs on BC, with the solvent DMSO also
providing strengthening (Table 1) and catalytic functions. The
DMSO treated lm reached the optimal TS at 5 min,16 which
might be explained by the convergence of bers at the surface
that developed strong bonds and made the lm much
smoother, denser, and stronger than the original state.16,39 The
gradually decreasing TS of the DMSO treated lm from 10 min
to 3 h could be explained by the increasing thickness of the
regeneration region that destroyed the inner hydrogen bonding
and supramolecular structure of the BC bers.27,40 The lone
pairs of electrons on DMSO can coordinate with the succinyl
ring of the anhydride to form an intermediate, thus facilitating
the reaction of the anhydride with the –OHs of BC.32
Fig. 1 Schematic illustration of esterification between BC and anhydride

142 | RSC Sustainability, 2024, 2, 139–152
Optimal ratio of the anhydride in DSMO

Introducing hydrophobic alkyl groups onto BC decreases the
hydrophilicity, therefore increasing the wet TS of the lms.41

Initially, anhydride in DMSO at ratios of 1% to 20% was loaded
for the surface modication of the BC lm at 70 °C for 5 min.
The optimal mechanical lm strength was achieved at 3% MA,
5% OSA, 10% DSA, and 15% ODSA (Table S1† and Fig. 2),
indicating that the longer the substituted chain, the lower the
anhydride reactivity.42 The similarly high reactivities of 5% OSA
and 3% MA revealed that the reactivity of OSA was signicantly
higher than that of the other two long-chain anhydrides (DSA
and ODSA), which required loading ratios of 10–15% due to
their stronger steric hindrance.

Degree of surface substitution (DSS)

In the following experiments, the lms were modied with
anhydride for 10 min to 3 h at the optimal ratio of each anhy-
dride in DMSO. The DSS value of each lm is reported (Table 2)
according to quantitative EDS analysis of the awt% of carbon at
the BC lm surface (Table S2†). For 3% C0-BC, a DSS of 3 was
reached in only 10 min, revealing the ultrahigh reactivity of MA,
while the DSS of 5% C8-BC, 10% C12-BC, and 15% C18-BC
gradually increased during this period. 5% C8-BC reached
a higher DSS (0.19) than 10% C12-BC (0.1) or 15% C18-BC (0.12)
at 3 h due to the shorter alkenyl chain on OSA, which exhibited
higher reactivity with BC.

Mechanical properties

Inuenced by surface regeneration, esterication, crosslinking,
and some side interactions (e.g., solvent over-swelling and
transesterication), the modied lms during 10 min to 3 h
exhibited increasing and uctuating trends in mechanical
strength, as displayed in Table S3† and Fig. 3.16 Although the
s in DMSO at 70 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TS of (a) 3%, 5%, 10%, 15%C12-BC, (b) 3%, 5%, 10%C8-BC, (c) 10%, 15%, 20%C18-BC, and (d) 1%, 3%, 5%C0-BC in dry andwet states at 70 °
C for 5 min.

Table 2 DSS of anhydride modified films at 10 min–3 h

Sample

Reaction time

10 min 30 min 1 h 3 h

3% C0-BC 3 3 3 3
5% C8-BC 0.122 0.166 0.187 0.191
10% C12-BC 0.061 0.072 0.075 0.098
15% C18-BC 0.033 0.067 0.093 0.117
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intercalation of hydrophobic groups destroyed the hydrogen
bonds and decreased the dry TS of the lm, the surface
strengthening and the increased hydrophobicity signicantly
enhanced both the dry and wet TS, respectively. Late in the
reaction, irregular uctuations were observed in the mechanical
strength of the modied lms due to the side reactions
including the solvent over-swelling and transesterication.
Fig. 3 TS and EAB of the (a) 3% C0-BC, (b) 5% C8-BC, (c) 10% C12-BC, an
(e) TS and (f) EAB of the 3% C0-BC, 5% C8-BC, 10% C12-BC, and 15% C

© 2024 The Author(s). Published by the Royal Society of Chemistry
Meanwhile, the wet TS decreased considerably and wet EAB
increased because of the intercalation of water molecules into
the polymer chains that acted as a plasticizing effect.

The nding that 10% C12-BC-30 min displayed the highest
strength (dry TS = 124.3 ± 2.1 MPa, wet TS = 81.0 ± 1.7 MPa)
might be due to the good balance between the solvent
strengthening, esterication, and side reactions. The mechan-
ical properties (dry and wet state) of 3% C0-BC-30 min were
poorer than those of 5% C8-BC-30 min, 10% C12-BC, and 15%
C18-BC, due to the shortly substituted chains fromMA and high
DSS of 3% C0-BC that provide relatively low surface hydropho-
bicity and dense crosslinking structure, causing the lm to be
fractured more easily under moisture conditions and limiting
the lm extension under tensile force, as revealed by the low TS
(wet) and EAB (dry and wet) of 3% C0-BC (Fig. 3e and f). 3% C0-
BC-1 h had a considerable decrease in dry EAB (3.8%) and dry
TS (50 MPa) when compared with that of 3% C0-BC-30 min (dry
state: TS= 90MPa, EAB= 7.3%), whichmight have been caused
d (d) 15% C18-BC films in dry and wet states from 10min to 3 h. Optimal
18-BC films in dry and wet states.

RSC Sustainability, 2024, 2, 139–152 | 143
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by the increasing crosslinking degree with extending reaction
time that made the lm stiffer. Aer immersing in water, owing
to the plasticization effect of water that greatly reduced the
stiffness of the lm, the TS of 3% C0-BC-1 h increased from
50 MPa to 75 MPa.

Fourier-transform infrared spectroscopy (FTIR) results

Fig. 4 compares the FTIR spectra of the reference BC and the
short- or long-chain anhydride modied lms from 10 min to
3 h. The wide band between 3200 and 3500 cm−1 is assigned to
the vibration of –OHs present in BC.43 The peak at 2364–
2369 cm−1 conrms the formation of an S–H bond between
DMSO and BC,44 and the low awt% of sulfur detected by EDS
(Table S2†) veries that only a small amount of DMSO was le
on the surface. The intensifying peaks at 2960–2855 cm−1 in the
spectra of 5% C8-BC-30 min–3 h and 15% C18-BC-1 h–3 h
represent considerable increases in the C–H stretching vibra-
tions of –CH3 and –CH2 derived from the graed long aliphatic
groups of OSA and ODSA (Fig. 4b and d), whereas no peak
broadening was observed at 2960 cm−1 in the spectrum of 3%
C0-BC-10 min–3 h (Fig. 4a) because no –CH3 groups existed on
the MA modied BC structure.8,24,45,46 The appearance of a band
at 1723–1729 cm−1 represents the stretching vibrations of the
carbonyl group (C]O) from ester moieties, indicating esteri-
cation between the anhydride and BC.11 The C]O peak of 3%
C0-BC-10 min was signicantly higher than that those of the
long-chain anhydride modied lms at 10 min, demonstrating
the highest reactivity of MA that introduced signicant C]O
Fig. 4 FTIR spectra of the pristine BC and (a) 3% C0-BC, (b) 5% C8-BC,

144 | RSC Sustainability, 2024, 2, 139–152
groups in a short reaction period, consistent with the DSS
results presented above.
X-ray diffraction (XRD) results

Graing of long-chain hydrophobic groups reduced the number
of hydrogen bonds in BC lms, resulting in a reduction in the
CrI. The CrIs of the DMSO treated lms were not obviously
affected from 30 min to 1 h (Table 3). Instead, the CrIs of the
anhydride modied lms over the same time period were
calculated in this study. The chain length and DSS were iden-
tied as the two main factors that affected the crystalline
structure (Fig. S1,† Table 3). The CrIs of the modied lms were
all lower than that of the reference. The CrI of 3% C0-BC-30
min–1 h had the smallest CrI reduction of 0.66–6.8% due to
the short alkyl groups graed on the BC surface, which caused
less disruption of the hydrogen bonds. 10% C12-BC had a small
reduction in CrI of 5.7–10.2%, and 5% C8-BC had the largest
reduction of 18.7–32.3%, which might be attributable to these
lms having a low and high DSS, respectively. The CrI of 15%
C18-BC showed a relatively large reduction, 19.0–22.3%, which
might have been due to the ultra-long alkenyl chain, which
greatly disturbed the hydrogen-bonding between the inter- and
intra-polymer chains.
Film microstructure results

As shown in Fig. 5a and b, the pristine BC lm exhibited a highly
porous structure with pore sizes of 50–270 nm. In comparison,
(c) 10% C12-BC, and (d) 15% C18-BC films from 10 min to 3 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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only a few small pores were observed on 3% C0-BC, proving that
this lm had a much denser surface morphology (Fig. 5c and d).
Compared with the pristine BC lm, 5% C8-BC and 15% C18-BC
had smaller pores, while 10% C12-BC displayed no signicant
difference in pore size (Fig. 5e–j). The surface structure of 3% C0-
BC-1 h (Fig. 5d) is denser than that of 10%C12-BC-1 h (Fig. 5h). It
appeared that as the DSS of the modied lm increased, the
surface structure became denser. There were no visible differ-
ences in the cross-section morphologies of the pristine BC and
3% C0, 5% C8, 10% C12, and 15% C18-BC-1 h (Fig. S2a–d†). The
near-surface cross-section of the lm appeared not to have been
affected by modication with OSA for 1 h (Fig. S2e and f†),
although the surface morphology and CrI of 5% C8-BC-1 h were
impacted visibly.
Water resistance properties

Esterication and crosslinking both enhance surface hydro-
phobicity and water-vapor resistance of the hydroxyl-rich bio-
lm.47,48 As shown in Table S4† and Fig. 6, the unmodied BC
lm showed high hydrophilicity from the WCA measurements,
and an obvious enhancement in WCA was realized for the
modied lms (Fig. 6a and b). The WCA of 3% C0-BC was lower
than that of 5% C8-BC, 10% C12-BC, and 15% C18-BC, due to
the shortly substituted chains from MA that provided relatively
low surface hydrophobicity. The highest WCA (104°) was
observed for 15% C18-BC-1–3 h, as ODSA had the longest
substituted alkenyl chain with the highest hydrophobicity.
While the pristine BC lm quickly swelled and fragmented in
water, the modied BC lms absorbed much less water. Their
WS ratios are displayed in Fig. 6c, and are postulated to have
been determined by the chain length and crosslinking degree of
the modied lms. The WS ratios of the modied lms from
10 min to 1 h in the order from lowest to highest are as follows:
3% C0-BC < 15% C18-BC < 5% C8-BC < 10% C12-BC. The reason
why the WS ratio of 3% C0-BC was superior to that of the long-
chain alkenyl anhydride modied BC is the much denser
crosslinking structure formed on the surface of 3% C0-BC that
made it more effective to block the penetration of water mole-
cules to the inner structure.8 The nding that 15% C18-BC
displayed a lower WS ratio than that of 10% C12-BC can be
attributed to the ultralong substituted alkenyl chain of ODSA
and the low DSS of 10%C12-BC. The nding that theWS ratio of
5% C8-BC-3 h was lower than that of 15% C18-BC-3 h might
have been explained by the higher DSS and crosslinking degree
of the former lm. As seen in Fig. 6d, 5% C8-BC-3 h and 15%
C18-BC-1 h exhibited the most reduced WVP by 59.5% and
66.9%, respectively, owing to the higher DSS of 5% C8-BC-3 h
and the ultra-long alkenyl chain of ODSA, respectively. The
nding that 3%C0-BC displayed the lowest reduction inWVP by
8.7–28.9% was attributable to the poor WVP imparted by the
short alkyl chains.

The WVP of the BC lm was further reduced by 84% at
a loading ratio of 10% OSA and aer reaction for 1 h, whereas
increasing the OSA ratio to 15% only reduced the WVP by 66%
(3 h) (Table S5,† Fig. 7a and b). In addition, 10% C8-BC showed
a slight reduction in mechanical strength (Table S6,† Fig. 7c)
RSC Sustainability, 2024, 2, 139–152 | 145
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Fig. 5 SEM images (surface) of the (a and b) pristine BC, (c and d) 3% C0-BC-1 h, (e and f) 5% C8-BC-1 h, (g and h) 10% C12-BC-1 h, and (i and j)
15% C18-BC-1 h films at 20 000× and 100 000× magnification, respectively.
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compared with 5% C8-BC, and a further decrease in strength
was observed in 15% C8-BC (Table S7,† Fig. 7d), indicating that
above a certain ratio in DMSO, OSA could hinder the reaction
and reduce the water vapor barrier and mechanical strength of
the lms.49 As shown in the FTIR spectra of 10% C8-BC and 15%
C8-BC (Fig. 7e and f), the higher C]O intensity of the former at
10 min revealed a higher DSS, which was also supported by the
higher C]O intensity of 10% C8-BC-30 min at 1711–1740 cm−1
Fig. 6 (a) WCA (1 s), (b) WCA (5 min), (c) WS ratio, and (d) WVP of the 3%
3 h.

146 | RSC Sustainability, 2024, 2, 139–152
than of 15% C8-BC-30 min. This difference can be attributed to
the higher number of pendant –COOHs derived from the ring-
opened OSA due to the higher DSS of 10% C8-BC-30 min.50
Antimicrobial properties

Antimicrobial function is critical for food packaging materials
to minimize food spoiling caused by harmful microbes. The
C0-BC, 5% C8-BC, 10% C12-BC, and 15% C18-BC films from 10 min to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Microscopic images of (a) S. aureus and (b) E. coli treated samples: (1–3) 3% C0-BC-10min, 30min, 1 h; (4–6) 5% C8-BC-30min, 1 h, 3 h;
(7–10) 10% C8-BC-10 min, 30 min, 1 h, 3 h.

Fig. 7 (a) WVP of the 10%C8-BC-10min–3 h films. (b) Comparison of WVP of the pristine BC and 5, 10, and 15% C8-BC-10min–3 h films. TS and
EAB in the dry (solid line) and wet states (dashed line) of (c) the 10% C8-BC-10 min–3 h and (d) 15% C8-BC-10min–3 h films. FTIR spectra of the
(e) 10% C8-BC and (f) 15% C8-BC films at 10 min–3 h.
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hydrophobicity of the lm was reported to be an important
factor that contributes to a high antimicrobial effect (AE) on
a biopolymer lm surface.51 As shown in Fig. 8, whereas the
surfaces of 3% C0-lms (samples 1–3) and 5% C8-BC lms
(samples 4–6) were almost covered with bacterial colonies, 10%
C8-BC-1 h (sample 9) displayed the highest AE against both E.
coli (white dots) and S. aureus (dark dots), implying its effec-
tiveness for preventing the attachment and growth of these
bacteria. The AE of 10% C8-BC-1 h was distinctly higher than
that of 3% C0-BC, mainly because the former with long octenyl
groups had a strong hydrophobic interaction with the bacterial
cell wall proteins that effectively destroys the cell wall and cell
Table 4 OTR of the pristine BC, 3% C0-BC, 5, and 10% C8-BC films at

Sample BC

3% C0-BC 5% C8-B

10 min 30 min 1 h 3 h 10 min

OTR (g m−2

h−1)
4.35 �
0.42

2.88 �
0.22

0.69 �
0.11

0.53 �
0.15

3.65 �
0.24

2.71 �
0.20

© 2024 The Author(s). Published by the Royal Society of Chemistry
membranes, consequently causing the leakage of intracellular
proteins/nucleic acids and eventually the cell death.32,51,52

Oxygen barrier properties

As shown in Table 4, 3% C0-BC-30 min–1 h had amuch stronger
oxygen barrier than the other modied lms, which can be
attributed to the signicantly higher CrIs of 3% C0-BC-30 min
and 3% C0-BC-1 h (Table 3). Based on this, it is conjectured that
the OTR of a cellulose lm may be directly inuenced by its
crystallinity. The lms modied by the long-chain octenyl
anhydride OSA had a much weaker oxygen barrier than the
other lms, which is attributable to their largely decreased CrI
30 °C, 95% RH at 10 min–3 h

C 10% C8-BC

30 min 1 h 3 h 10 min 30 min 1 h 3 h

3.10 �
0.18

3.18 �
0.19

3.25 �
0.25

2.95 �
0.15

3.48 �
0.31

4.83 �
0.36

3.13 �
0.26
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Fig. 9 (a) Photographs and (b) UV-vis spectra of the LDPE, pristine BC, 3% C0-BC-1 h, and 10% C8-BC-1 h films.
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(Table 3) caused by the insertion of long alkenyl chains that
greatly destroyed the hydrogen bonding of the lm so that
providing more free volume for oxygen molecules to pass
through.53,54 The reason why pristine BC and 3% C0-BC-10 min
lms displayed a higher OTR could be explained by their greatly
decreased water vapor and oxygen barrier under high RH that
facilitated the oxidation of reduced iron powder.
Visible and ultraviolet (UV) light barrier properties

As shown in Fig. 9, the LDPE lm displayed high visible light
transmittance but poor UV-shielding properties, while the
pristine BC, 3% C0-BC-1 h and 10% C8-BC-1 h lms were all
semi-transparent and showed high UV light shielding over the
UV-vis spectrum between 200 and 400 nm. Furthermore, 10%
Fig. 10 The surfaces and inner structure of strawberries (a) left uncovered
BC-1 h, and (e) LDPE for storage durations of 0 d and 7 d at 4 °C, 40% R

148 | RSC Sustainability, 2024, 2, 139–152
C8-BC-1 h displayed lower visible light transmittance than did
3% C0-BC-1 h and the pristine BC lms, which might have been
due to effective blocking of visible light by the long substituted
chains. It is speculated that the less porous surface structure of
3% C0-BC-1 h could cause less surface scattering of light,
resulting in its higher transparency than the pristine BC lm.
Strawberry quality during storage

Water vapor and oxygen are the two main factors that inuence
the quality of packaged fruits, including their appearance and
texture over time, due to microbial action, oxidation, and
respiration, which result in corruption and loss of nutrition.37

The shelf-lives of strawberries under ve preservation condi-
tions were evaluated, as shown in Fig. 10. Aer storage for 9 d,
or covered with (b) the pristine BC film, (c) 3% C0-BC-1 h, (d) 10% C8-
H, followed by storage at RT (24 °C, 55% RH) for 2 d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Thermogravimetric analysis and DTG of the pristine BC and (a) 3% C0-BC, (b) 5% C8, (c) 10% C12, and (d) 15% C18-BC films at 10min–3 h.
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surface observation revealed that the uncovered and LDPE
covered strawberries had the greatest loss of freshness, as
revealed by serious yellowing, mold growth, and shrinkage on
the surfaces and inner structures of the samples (Fig. 10a and
e). The original BC lm covered sample also exhibited obvious
mold growth aer storage (Fig. 10b), due to the poor oxygen
barrier of the BC and LDPE lms, which led to ascorbic acid
oxidation and microorganism growth on the fruit tissue.16,55 In
comparison, the highest freshness was observed on the sample
covered with 3% C0-BC-1 h aer 7 d in a refrigerator and 2 d at
RT, attributable to 3% C0-BC-1 h having the lowest OTR (Table
4), although slight mold growth was observed (Fig. 10c). More
mold growth happening to 10% C8-BC-1 h covered strawberry
(Fig. 10d) compared with the 3% C0-BC-1 h covered one was
attributable to the much poorer oxygen barrier of the former
(Table 4).

The strawberries were also weighed aer 7 d to determine
the weight loss aer storage (Table S8†), which resulted from
water evaporation to the conned space and then to the air. The
LDPE covered samples lost only 7.9% of the initial weight, and
a visible amount of water was retained in the LDPE covered
bottle (Fig. S3†) due to the excellent water vapor resistance of
LDPE, which strongly prevented water vapor transmission
through the lm. The 10%C8-BC-1 h covered strawberry lost 9%
of its weight, while that covered with 3% C0-BC-1 h lost 16% of
its weight. This difference was attributable to the signicantly
higher water vapor barrier of the former lm (Fig. 7a). It is likely
that the achievement of both high water vapor and oxygen
barrier properties in a packaging lm can allow the simulta-
neous repression of microbe growth on and moisture loss from
© 2024 The Author(s). Published by the Royal Society of Chemistry
fresh fruits/vegetables, thus signicantly extending their shelf-
lives. Accordingly, further exploration of the design of new
protocols based on this surface modication strategy is needed.

Thermal properties

Esterication and solvent over-swelling effect decrease the
thermal stability of the modied lms, while the crosslinking
reaction increases it.56 Table S9† and Fig. 11 display the Tmax

values of the pristine and modied BC lms. The cyclic anhy-
dride modied BC lms showed obvious enhancements in
thermal stability: the highest Tmax increased to approximately
370 °C for 3% C0-BC-10 min, 5% C8-BC-30 min, 10% C12-BC-
30 min, and 15% C18-BC-1 h, compared with 338 °C for the
pristine BC. Additionally, 3% C0-BC reached its Tmax in 10 min
while the other modied lms reached their Tmax in 30 min–1 h,
attributable to the highest reactivity of MA enabling a large
number of –COOHs to be involved in early participation in the
crosslinking reaction. The decrease in Tmax over time can be
explained by the solvent over-swelling effect, such that the
depth of the lm surface gradually increased with swelling and
caused a decrease in thermal stability. A previous study reported
that a BC lm totally regenerated from N-methylmorpholine N-
oxide showed a considerable reduction in thermal stability
compared with the original BC lm, indicating that a high level
of regeneration on a lm could decrease its thermal stability.27

Biodegradation analysis

Easy biodegradability in nature is a highly valued characteristic
of a food packaging material. The pristine BC, 3% C0-BC-1 h,
RSC Sustainability, 2024, 2, 139–152 | 149
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Fig. 12 Biodegradability test of the 3% C0-BC-1 h film at (a) 0 d and (b) 10 d and the 10% C8-BC-1 h film at (c) 0 d and (d) 10 d in soil. (e) FTIR
spectra of the 3% C0-BC-1 h and 10% C8-BC-1 h films after biodegradation in soil for 10 d.
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and 10% C8-BC-1 h lms were buried in soil for 1 month, aer
which the extent of biodegradation was studied according to the
weight loss test and FTIR results. While the pristine BC lm had
totally biodegraded aer 10 d, the surface modied lms,
namely 3% C0-BC-1 h and 10% C8-BC-1 h, had cracked and lost
74.0% and 49.7% of their weight aer 10 d (Fig. 12a–d),
respectively, and had totally biodegraded aer 1 month. The
above results demonstrated that the cyclic anhydride modied
lms prepared in this study could easily biodegrade in natural
soil, and that the short-chain modied lms degraded faster
than the long-chain modied ones. The FTIR results (Fig. 12e)
also veried that the ester groups on 3% C0-BC-1 h were more
easily eliminated than those on 10% C8-BC-1 h when compared
with the FTIR spectra of the unburied lms (Fig. 4a and 7e),20,57

which could be explained by the much higher water vapor
resistance of the latter lm that prevented hydrolyzation attack
at the ester groups by the enzyme esterase in soil.16 Those
results reveal the various biodegradation rates of modied lms
bearing different hydrophobic chains, and their easy biodeg-
radation properties in natural soil. The surface modication
strategy can be the reason for the fast biodegradation rate as
only the lm surface has been hydrophobically modied while
the inner structure was still hydrophilic, demonstrating the
great promise of BC as a substrate and cyclic anhydrides as
surface modiers at a low loading ratio in DMSO in the devel-
opment of easily biodegradable food packaging lms.

Conclusions

Using four cyclic anhydrides as the acylants and DMSO as the
solvent, alkyl moieties with different lengths (C0–C18) were
successfully introduced onto the surfaces of a premade BC lm.
The loading ratio of each anhydride in DMSO (3–15%) and the
reaction period (10 min–3 h) were optimized to achieve
150 | RSC Sustainability, 2024, 2, 139–152
modied lms with good mechanical and water vapor, oxygen,
and foodborne pathogenic bacterial barrier properties. The
degree of surface graing was conrmed by the results of FTIR
spectroscopy and SEM EDS. Compared with the other long-
chain alkenyl anhydride-modied lms, 3% C0-BC reached
the lowest mechanical strength and displayed the poorest water
vapor barrier. 10% C12-BC-30 min achieved the highest dry TS
(>120 MPa) and wet TS (> 80 MPa) in only 30 min, while 15%
C18-BC-3 h reached the highest WCA (104°). The lowest WVP
(reduced by 84%), best antimicrobial effect and highest mois-
ture retention from strawberries were realized using 10% C8-
BC-1 h as the packaging lm. 3% C0-BC-1 h, which had a well-
preserved CrI, displayed the highest oxygen barrier and fruit
preservation performance, demonstrating the effectiveness of
a crystalline lm with a high oxygen barrier in inhibiting
microorganism growth on fruits. Furthermore, all of the anhy-
dride modied lms showed visible improvements in thermal
stability by around 32 °C and good biodegradation rate (100%
biodegradation in 1 month) in soil. As a result, those biobased
lms display high potential in replacement of the widely used
petrochemical plastic-based food packaging materials as high
water and oxygen vapor barrier, strong and biodegradable lms
to greatly extend shelf-lives of foods and effectively relieve the
white pollution in the environment.
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