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A B S T R A C T

Barrier coating of fruits can decrease postharvest loss and improve food security. This study demonstrated the 
performance of barrier coating using pure plant-based carbohydrate polymers to improve the shelf life of ba
nanas. The coating formulation was made of only two carbohydrate polymers: microfibrillated cellulose (MFC) 
from commercial bleached hardwood pulp fibers and lemon peel (LP) fibrils from milling commercial dry lemon 
peels. Bananas were coated by dipping into different MFC/LP suspensions with varied LP loadings. The measured 
banana peel color browning, fruit weight loss, firmness, and total soluble solids were used to compare coating 
performance with the control (without coating). The substitution of MFC with LP fibrils decreased ethylene 
production and the respiration of oxygen and carbon dioxide, due to the improved adhesion of the coating film 
on banana peels. Compared with control (no coating), substituting MFC with LP delayed banana peel browning 
by 2 days, decreased weight loss by up to 20 % and browning fraction by up to 33 %, compared with 1 day, 12 %, 
and 7 %, respectively, using pure MFC coating. Considering typical banana shelf life in supermarket is 
approximately 7 days, a 2-day shelf-life extension is significant.

1. Introduction

Bananas are rich in dietary fibers, vitamins, minerals, phenolic 
compounds, and a favorite among consumers due to their affordability 
and high nutritional value. According to the Food and Agriculture Or
ganization of the United Nations, global import and export values and 
quantities rank at the top among fresh fruits, reaching USD 29.0 billion 
and 43.7 million tons in 2023 [62]. It is well-known that bananas have a 
very short shelf life. Due to their climacteric nature, bananas exhibit a 
surge in ethylene production during ripening. In addition, their physi
cochemical properties and flavor also undergo rapid changes during this 
period [1]. Peel color changes quickly from green to yellow, accompa
nied by the softening of fruit pulp with a rise in sweetness, and finally to 
brown in the form of dark spots spreading progressively. As a result, 
postharvest waste is very significant between 25 and 50 % [2,3]. The 
visual appearance of bananas without browning, sweet taste, and proper 
softness are important factors consumers use in making purchasing de
cisions. Therefore, decreasing banana peel browning without 

significantly slowing down the banana ripening meets consumer pur
chasing preference, resulting in decreasing waste. This in turn improves 
the economic bottom line for growers and grocers.

Much research indicated that barrier coatings are very effective in 
extending the shelf life of bananas [4–7]. Cellulose, the most abundant 
natural carbohydrate polymer on earth, has been shown to have excel
lent gas barrier and film-forming properties as a result of hydrogen 
bonding, and can be used to prolong the shelf life of fruits via coating 
[8,9]. Cellulose nanofibrils (CNF) have been proven capable of forming 
an effective barrier film on bananas peels to extend shelf life [4,61]. 
Unfortunately, cellulose nanomaterials (CNM) such as CNF are not only 
cost-ineffective but also has health and environmental concerns through 
inhalation due to the potential release of air-born cellulosic nano
particles [10]. To address these two issues, our earlier study demon
strated the effectiveness of pure microfibrillated cellulose (MFC), also 
called cellulosic microfibrils (CMF), for the barrier coating of bananas 
[7]. MFC, a much coarser material than CNF decreases production costs 
and eliminates issues associated with inhalation safety and 
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environmental and human health regulations. However, as a coarser 
material, the coating film formed by pure MFC is not sufficiently dense, 
inadequate for best performance in banana preservation. Thus, MFC 
barrier coating formulation needs improvement for commercial banana 
preservation.

Citrus fruits, as one of the most popular and widely cultivated fruits, 
have an annual global production of 169.4 million tons in 2023 ac
cording to the Food and Agriculture Organization of the United Nations 
[62]. Nearly half of citrus fruit crops are used for industrial production, 
which results in a significant amount of biowaste particularly from the 
peels that accounts for 7–40 % of the fresh fruit weight [11,12]. Citrus 
fruit peels can be a valuable bioresource, containing primarily carbo
hydrate polymers such as pectin and fibers, phenolic compounds, 
essential oils [13,14]. The pectin in citrus peels can serve as a thickener 
to improve the processibility of the coating solution and the adhesion 
properties of the resultant coating film. The hemicelluloses in citrus 
peels also facilitate crosslinking, especially when adding citrus peels into 
MFC to form a dense film to improve barrier performance and optical 
properties while weakening the film’s waterproof and mechanical per
formance [15], which is advantageous for water washing of coated 
fruits. Citrus extracts and essential oils are rich in bioactive components 
that could enhance the coating film’s antioxidant and antimicrobial 
properties [16–18], especially for applications in edible barrier coatings 
of nano formulation with nanoparticles, nano emulsions, or nanofibers 
[19]. Because of these benefits [15], the pectin and cellulose derived 
from citrus fruit peels have been used as additives in barrier coating 
[20,21], which requires, however, extra processing to extract pectin and 
cellulose from citrus peels. Using whole citrus peels in barrier coating 
can eliminate this extra processing step and associated costs. Studies 

have been carried out mixing powders from whole citrus peels in various 
coating formulations [22] with gelatin [23], PVA [24], starch [25], and 
polyethylene [26] as the main constituent material. Most formulations 
use synthetic or petroleum-derived chemicals such as Tween 80, PVA, 
polyethylene, or expensive plant or animal-derived components such as 
glycerol, xanthan gum, and gelatin. Furthermore, commercial powders 
of citrus peels are sold as micro-particles with very low aspect ratios 
close to unity which results in brittle films with poor film-forming 
performance.

In this study, we incorporated whole lemon peels into MFC fruit 
barrier coating formulation. Our recent study found that substituting a 
portion of MFC with carboxymethyl cellulose (CMC), a cellulose deriv
ative food additive, improved the effectiveness of MFC for banana bar
rier coating [27], especially in decreasing banana peel browning. These 
improvements are due to (1) CMC with its small physical dimension can 
fill the voids in the MFC network through crosslinking to result in a 
dense film that decreases gas permeation, and (2) CMC has natural 
antioxidant property [28,29]. We hypothesized that lemon peels can 
play similar roles as CMC because it can be mechanically processed into 
smaller physical dimensions with the short chain length of pectin and 
hemicelluloses, and lemon peels also have natural antioxidant and 
antimicrobial properties derived from its flavonoids, polyphenols, ex
tractives and essential oils [16–18]. The novelties of this study are: (1) 
Using only renewable and abundant plant-based carbohydrate poly
meric materials, i.e., MFC and edible lemon peel fibrils, for fruit barrier 
coating formulation without synthetic or petroleum-derived materials; 
(2) Novel processing of lemon peels to avoid pulverizing into powders to 
obtain lemon peel microfibrils with great aspect ratios to enhance film- 
forming performance; (3) Achieving significant reduction in banana peel 
browning without substantially slowing down banana ripening to meet 
consumer purchase preference and improve shelf life. This study aims to 
develop an effective coating formulation using only plant-based natural 
carbohydrate polymers to decrease food waste, improve food security, 
and improve edible whole citrus fruit peel utilization without additional 
processing through extraction and/or separation.

2. Materials and methods

2.1. Materials

The virgin bleached kraft hardwood pulp (BKHP) and lemon peels 
(LP, Fig. S1) were provided by WestRock Company (Atlanta, GA, USA) 
and Fiberstar, Inc. (River Falls, WI, USA), respectively. Fresh Chiquita 
bananas were purchased from a local supermarket in Madison, Wis
consin. Bananas were yellowish green without noticeable visible scars 
and were of similar maturity at the time of purchase. To minimize the 
effects of the variations in the initial ripen stage of the bananas on the 
coating performance, each coating parametric variation study used ba
nanas from the same hand. Inhouse water purified by reverse osmosis 
was used throughout the experiments.

2.2. Characterization of the kraft bleached hardwood pulp fibers and 
lemon peels

The chemical composition of the as received BKHP fibers and the LP 
were analyzed using a procedure developed by the National Renewable 
Energy Laboratory (NREL) [30]. The BKHP and LP were first hydrolyzed 
using two-step acid hydrolysis. Klason lignin was determined gravi
metrically. The soluble lignin was measured using the absorbance at 
205 nm following TAPPI Useful Method UM-250 [63]. The chromato
graphic procedure [31] was used to resolve the wood sugars. Filtered 
hydrolysates were then diluted 23-fold and injected into an ion chro
matography system (Dionex ICS 6000, Thermo-Fisher Scientific) with a 
pulsed amperometric detector and a CarboPac PA1 (4 × 250 mm) col
umn. Quantifications of monomeric sugars, galacturonic, and glucuronic 
acids in LP were achieved by producing standard curves from pure 
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Fig. 1. FTIR (A) and XRD (B) spectra of MFC and LP fibrils. CI is the Segal 
crystallinity index.
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sources of all the desired analytes. The results are presented in Tables S1 
and S2.

The BKHP and LP were further characterized using Fourier transform 
infrared spectroscopy (FTIR) and X-ray diffraction (XRD) analyses. The 
oven-dried BKHP and freeze-dried LP were ground and passed through a 
60-mesh sieve to obtain BKHP and LP powders. FTIR analysis was per
formed on a spectrometer (Spectrum two, PerkinElmer) in the wave
number range from 4000 to 400 cm− 1. For XRD analysis, BKHP and LP 
powders were placed inside the 25 mm cavity of a zero-diffraction 
powder holder made of Si (MTIxl, Richmond, CA). Samples were 
measured using a Bruker D8 Discovery X-ray diffractometer with Cu–K 

α radiation, and a 0.5 mm aperture at the Wisconsin Center for Nano
scale Technology. Data were collected for 120 s using a Bragg-Brentano 
configuration at the incoming beam angle of 12◦. The Segal crystallinity 
index (CI) was calculated using the 200 diffraction peak intensity (I200 
~ 22.3◦) after subtracting the amorphous intensity (Iam = 18◦) accor
iding to Eq. (1). 

CI (%) =
I200 − Iam

I200
*100 (1) 

500 �m 500 �m

A1 B1

A2 B2

B3A3

A4 B4

100 �m

Fig. 2. Light and scanning electron microscopy (LM and SEM) images of microfibrillated cellulose (MFC) and milled lemon peel (LP) fibrils. A1-A4: MFC; B1-B4: LP 
fibrils. Before imaging, all SEM samples were freeze-dried on carbon tape except for A4 which was vacuum-dried on a Si wafer. Arrows in B4 indicate nano-size 
agglomerated materials containing water-soluble pectin.
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2.3. Preparation of microfibrillated cellulose/lemon peel (MFC/LP) 
suspensions

Wet BKHP was dispersed in water, then disintegrated in a disinte
grator (Model 73-06-01, TMI, Ronkonkoma, New York, USA) for 10,000 
revolutions. Subsequently, the pulp suspension was microfibrillated 
using a stone disk mill – SuperMassColloider (SMC) (Model MKZCA 6-2 
J, Disk MDGA 6–80#, Masuko Sangyo Co., Ltd., Japan). BKHP suspen
sion at 2 wt% solids prepared using 60 g OD (oven dry weight) BKHP 
was directly fed into the SMC, as described previously [7]. The 2 wt% 
solids loading was based on an optimization study on MFC production 
using the same SMC reported earlier [32]. The MFC was obtained after 
four passes through the SMC at 1500 rpm.

Similarly, 40 g of dried lemon peels were soaked in water and dis
integrated for 10,000 revolutions, and then microfibrillated in the SMC 
at 2 wt% solids but only through one pass. LP fibers are primarily formed 
by the thin primary cell wall which is less rigid compared with wood 
fibers such as BKHP reported in this study which are formed mainly by 
thick and rigid secondary walls to withstand the compressive load of 
trees. Therefore, fibrillation of LP needs much less energy than that to 
fibrillate BKHP as listed in Tables S3 and S4.

MFC/LP coating formulations with the same mass concentration of 
0.45 wt% were prepared by mixing the suspensions of MFC and LP fi
brils. The concentration ratios of MFC (wt%) over LP (wt%) were 
0.45:0.00, 0.40:0.05, 0.35:0.10, 0.30:0.15, and 0.25:0.20, or LP sub
stitutions of 0, 11 %, 22 %, 33 %, and 44 %. These suspension samples 
were kept in a refrigerator until use.

2.4. Wettability of MFC/LP suspension on banana peel surface

The wettability of MFC/LP suspensions on banana peel surfaces was 
evaluated using an optical tensiometer (TL100, Theta Lite, Biolin Sci
entific Oy, Finland). The contact angle (θ) of MFC/LP suspensions on the 
banana peel surface was measured using the sessile drop method. The 
surface tension (γLV) of MFC/LP suspensions was measured via the 
pendant-drop method.

2.5. Preparation of MFC/LP casting films

Self-standing films of MFC/LP mixtures were made by casting. A 
desired volume of MFC/LP suspension was poured into a petri-dish with 
a diameter of 90 mm to result in a film grammage of 10 g/m2. The 
mixture was evenly spread in the dish and dried at ambient conditions 
(22 ± 2 ◦C, 17 ± 2 % RH).

2.6. Characterization of MFC/LP films

The casting films were characterized for their optical transparency 
using a UV–vis spectrophotometer (Model 8453, Agilent Technologies, 
Palo Alto, California, USA). The hydrophilia of the films was also eval
uated by the same optical tensiometer described earlier (TL100, Theta 
Lite, Biolin Scientific Oy, Finland). Water droplets falling on the MFC/LP 
casting film were photographed in real time for 60 s. The morphologies 
and microstructures of the MFC/LP casting films as well as the MFC/LP 
films peeled from the coated banana surfaces were examined by scan
ning electron microscopy (SEM) as described previously [27]. The 
morphology of MFC/LP micro- and nanofibrils were examined similar to 
an earlier study [33] with the following modifications. Droplets of 0.01 

Fig. 3. Transparency of MFC/LP casting films made using varied MFC/LP suspension concentration (%) ratios. Visual observation of logos covered by different films: 
(A0) MFC = 0.45; (A1) MFC/LP = 0.40:0.05; (A2) MFC/LP = 0.35:0.10; (A3) MFC/LP = 0.30:0.15; (A4) MFC/LP = 0.25:0.20; (A′) No film cover. (B): Wavelength- 
dependent film optical transparencies.
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wt% MFC/LP suspension were put on a carbon tape that was mounted on 
an aluminum stub, and the samples were lyophilized. Similarly, 2 μL 
droplets of 0.001 wt% MFC/LP were placed on a Si wafer (100-ori
ented), then dried overnight in a vacuum oven at 50 ◦C and pressure 7 
psi. Then the samples were sputter-coated with 5 nm Pt and observed at 
2–3 kV accelerating voltage with a Zeiss Gemini 450 FE-SEM microscope 
(Carl Zeiss AG, Germany).

The water vapor permeation (WVP) through the MFC/LP casting 
films was measured according to ASTM E96/E96M-21 as described in 
our prior work [7].

2.7. Evaluation of the performance of MFC/LP barrier coating on 
bananas

Each banana was washed and wiped dry using a paper towel before 
coating, then completely submerged into a MFC/LP suspension for 3 
min. The coated bananas were hung out to dry and stored for 15 days at 
ambient (22 ± 2 ◦C, 17 ± 2 % RH). The ambient condition was used to 

better simulate the practical banana storage conditions in supermarkets.
The two opposite sides of each banana were photographed daily to 

study the changes in the banana’s appearance and peel color.
The banana browning fraction was calculated according to a method 

we developed previously [27]. Briefly, the two photos of the opposite 
sides of each banana formed a group. Each image was imported into 
Python 3.8 to convert the image into an 8-bit color data set in RBG space, 
i.e., x(R), y(B), z(G). A cylindrical cone with its vertex at the white point 
(255, 255, 255), base radius of 70, and height being the line between the 
black (0, 0, 0) and white point (255, 255, 255) was used to threshold the 
image in the RBG space as either yellow (outside of the cone) or black 
(brown, inside the cone). Then the ratio of the numbers of black pixels 
over the total numbers of black and yellow pixels is calculated as the 
banana browning fraction.

To quantify the banana browning process, the banana browning 
fraction data were fitted to a logistic model showing below: 

y = A2 +(A1 − A2)/(1+(x/x0)
q
) (2) 

Fig. 4. SEM images of MFC/LP casting films made with varied MFC/LP suspension concentration (%) ratios. A and A′: Top surface; B and B′: Bottom surface.

Table 1 
Thickness, density, grammage and WVP of MFC/LP films along with results from ANOVA and Tukey test (α = 0.05).

Group label Grammage 
(g/m2)

Thickness 
(μm)

Density 
(g/cm3)

WVTR 
(g/h/m2)

WVP 
(×10− 11⋅g/m/s/Pa)

MFC 0.45 X1 10.02 ± 0.08 7.68 ± 0.77 1.32 ± 0.15 14.541 ± 0.579 2.50 ± 0.33
MFC/LP 0.40:0.05 X2 9.94 ± 0.08 8.32 ± 0.33 1.20 ± 0.04 14.491 ± 0.195 2.71 ± 0.10
MFC/LP 0.35:0.10 X3 9.94 ± 0.08 6.80 ± 0.57 1.47 ± 0.11 14.915 ± 0.321 2.30 ± 0.24
MFC/LP 0.30:0.15 X4 10.16 ± 0.00 8.16 ± 0.67 1.25 ± 0.10 15.284 ± 0.398 2.82 ± 0.17
MFC/LP 0.25:0.20 X5 9.94 ± 0.08 8.40 ± 0.85 1.29 ± 0.12 15.891 ± 0.593 2.87 ± 0.25
F value 8.50 4.99 5.35 6.85 4.40
p value 0.00035 0.00594 0.00429 0.00241 0.01500
Tukey critical difference 0.14 1.253 0.21 0.969 0.50
Paired groups with p < 0.05 X1-X4, X2-X4, X3-X4, X4-X5 X2-X3, X3-X4, X3-X5 X2-X3, X3-X4, X3-X5 X1-X5, X2-X5, X3-X5 X3-X4, X3-X5
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EC10 = 10(log(x0)− log(9)/q ) (3) 

where A1 is the browning fraction of bananas on Day 0 (set as 0.10); A2 is 
set at 1.00, which means that bananas are completely browned; q 
(day− 1) is the maximum slope of banana browning fraction over time; x0 
(day) is the storage time corresponding to the maximum slope (q), and 
EC10 (day) is the time when rapid banana browning takes place.

All testing bananas were weighed daily. Banana weight loss was 
determined from the banana’s initial (day 0) weight and the measured 
daily weight Wt (t is the number of days stored) using Eq. (4). 

Weight loss (%) = (Wt − W0)/W0*100 (4) 

The firmness and total soluble solids (TSS) were measured every 
three days for all banana fruits. Bananas were peeled off to perform 
firmness test as described previously [27] using a FR-5105 high-accu
racy fruit hardness tester (Ace Instruments, Lutron Electronic Enterprise 
Co., Ltd., Taiwan). An 11 mm penetrometer tip (FRTP-11) was used in 
all firmness measurements.

Five grams of banana fruit was used for TSS measurements. The fruit 
was ground thoroughly in 10 mL of distilled water. The pulp was 
centrifuged for 5 min at 10,000 rpm. The supernatant was measured to 
determine TSS using a digital handheld pocket refractometer (3810 PAL- 
1, Cole-Parmer, Atago Co., Ltd., Tokyo, Japan).

Banana respiration and ethylene release were measured daily. Before 
each measurement, each banana was weighed and placed in an 86 oz. 
(2.5 L) plastic container that was covered by plastic wrap, then sealed 
with a perforated lid and stored at ambient. The concentrations of 
ethylene (C2H4), oxygen (O2), and carbon dioxide (CO2) in the container 
were measured through the hole on the lid using a three-gas analyzer (F- 
950, Felix Instruments, Camas, WA, USA). The banana was taken out of 
the container after each measurement and placed back to the same po
sition before the measurement under the same storage condition. 
Ambient concentrations of these three gases were also measured using 

the same gas analyzer. Ethylene release, oxygen and carbon dioxide 
respiration in a given time period were calculated by subtracting the 
measured ambient C2H4, O2, CO2 concentrations from the measured 
C2H4, O2, CO2 concentrations, respectively, in the banana container, 
then times the empty volume of the banana container and divided by the 
banana weight and the measurement duration, i.e., 1 h, as described in 
detail in the Support Information. For oxygen respiration, positive 
values were reported.

2.8. Statistical analysis

All measurements were performed at least three times, and the re
sults are presented as mean with standard deviation (SD). t-Test was 
applied to evaluate statistical significance of the measured barrier 
coating performance parameters relative to the control set (no coating) 
in terms of banana weight loss, browning fraction, firmness, and TSS, as 
well as ethylene release and oxygen and carbon dioxide respiration 
between the coating runs and the control. Details of t-Test analysis were 
provided in the Support Information. One-way analysis of variance 
(ANOVA) was also used to assess the differences in the measured casting 
film physical properties and the contact angle and surface tension of 
different coating formulations on banana peel surface. Both the F values 
and p values were reported to evaluate the significance of the effect of LP 
substitution on these parameters. Tukey-test was then subsequently 
applied to evaluate the significance of the observed differences between 
any paired groups from measurements.

3. Results and discussion

3.1. The chemical and crystal structures of the MFC and LP fibrils

FTIR analysis reveals the chemical structures of MFC and LP fibrils. 
The MFC FTIR spectrum exhibited typical cellulose and hemicellulose 
structures (Table S5) [34] as shown in Fig. 1A. Specifically, OH 
stretching at 3335 cm− 1, C–H stretching around 2900 cm− 1, C–H 
bending at 1317 cm− 1, C-O-C antisymmetric bridge ring stretching at 
1148 cm− 1, C–O stretching between 1014 and 1026 cm− 1, and 
β-glycosidic linkages of cellulose at 896 cm− 1. The main feature of the LP 
FTIR spectrum (Fig. 1A) is the distinct carbonyl (C=O) stretching peak at 
1735 cm− 1 due to the presence of pectin in the lemon peels [35]. The 
galacturonic acid in LP pectin is represented by the O–H and C–H 
stretching at 3335 cm− 1 and around 2900 cm− 1, respectively. The 
β-glycosidic linkages peak at 896 cm− 1 is much weaker for LP than for 
MFC due to the significantly lower cellulose content (Tables S1 and S2). 
The peak at 1626 cm− 1 represents water in the MFC and LP fibrils.

X-ray diffraction (XRD) analysis was used to evaluate cellulose 
crystallinity [36]. XRD spectrum from the MFC exhibited the typical 
diffraction peak associated with crystalline cellulose at 22.30 (Fig. 1B). 
In contrast, the LP had a less intense signal with two main peaks: a broad 
peak at 22.3◦ and a sharp peak at 24.8◦. This indicates that the LP has 
less crystalline cellulose than the MFC (CI of 48.7 % vs 68.5 % for MFC). 
Chemical composition analysis indicated that the LP had significantly 
lower cellulose content than the MFC (comparing Tables S1 with S2). 
Additionally, scattering from pectin in the LP can also contribute to the 
low crystallinity as pectin typically exhibits an amorphous large peak 
between 15 and 25◦ [37–39]. The sharp peak at 24.8◦ is attributable to 
the minerals in LP such as Ca, K or Fe [40]. This agrees with previously 
observed narrow peaks that were attributed to syngenite [40].

3.2. Morphologies of MFC and LP fibrils

The MFC produced from the commercial virgin BKHP (mixed birch 
and maple) shows a typical entangled fibril network structure as 
revealed by the light and scanning electron microscopic images 
(Fig. 2A1-A4). The MFC is relatively uniform in physical structure with a 
few large fibers remaining in the field of view (Fig. 2A1). SEM of freeze- 

Table 2 
Water droplet images and contact angles on banana peel surface, and surface 
tension γLV of the MFC/LP suspensions along with results from ANOVA and 
Tukey test (α = 0.05).

Coating 
formulation

Group label CA (◦) γLV (mN/m)

MFC 0.45 X1 76.6 ± 1.6 46.3 ± 2.2

MFC/LP 
0.40:0.05

X2 79.1 ± 0.9 40.0 ± 2.9

MFC/LP 
0.35:10

X3 78.5 ± 1.2 36.0 ± 2.6

MFC/LP 
0.30:0.15

X4 75.7 ± 1.8 47.0 ± 2.5

MFC/LP 
0.25:0.20

X5 82.5 ± 1.0 48.3 ± 1.4

F value 16.8 37.7
p value 3.4206− 6 2.6576− 11

Tukey critical 
difference

2.6 3.5

Paired groups 
with p <
0.05

X1-X5, X2-X4, 
X2-X5, X3-X4, 
X3-X5, X4-X5

X1-X2, X1-X3, X2- 
X3, X2-X4, X2-X5, 
X3-X4, X3-X5
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dried materials shows that the fibril networks are highly entangled and 
aggregated due to hydrogen bonding induced by drying for SEM 
(Fig. 2A2, A3). Submicron fibril aggregates/bundles can be clearly seen 
(Fig. 2A3). Individual fibrils and fibril aggregates can be better viewed 
in vacuum-dried samples (Fig. 2A4) with typical fibril diameters ranging 
from tens of nanometers to sub-micrometers. This morphology of MFC 
ensures the formation of a mechanically strong coating film [41,42].

Lemon peels are easier to fibrillate than wood fibers because they are 
formed mainly by the primary cell wall with weaker physical integrity. 
However, the fibrillated LP appears coarser and less uniform with a great 
extent of fibril aggregation than the MFC based on low magnification 
light microscopy (comparing Fig. 2B1 with A1, B2 with A2). LP fibrils 
contain a large amount of pectin, rich in hydroxyl and carboxy groups. 
Freeze drying for SEM imaging induced a great extent of hornification or 
fibril aggregation because of the hydroxyl and carboxyl groups. SEM 
imaging showed that the unaggregated fibrils in LP fibrils are finer than 
the unaggregated fibrils in MFC (comparing Fig. 2B3 with A3, B4 with 
A4) even though the LP fibrils were obtained with only one pass through 
the SMC compared with four passes for producing MFC. LP fibrils 
contain large amounts of pectin fibers and hemicelluloses. Mechanical 
treatments such as ultrasound can extract pectin from citrus peels [43]. 
The release of water-soluble pectin fibers by SMC milling in this study 
was evidenced by (1) the increase in the viscosity of the LP fibril sus
pension due to gelation by pectin based on visual observation, and (2) 
the formation of nano-size agglomerated pectin matters along the LP 
fibrils (Fig. 2B3 and B4). This type of agglomerated structures also called 
“grains” [44] were formed by the formation of ice crystals in freezing 
drying (for SEM) which squeezed the soluble pectin out of the crystals to 
be concentrated along the LP fibrils. This mechanism was well explained 
in literature and was used to produce complex hydrogel/cryogel 

composites with interesting structures [45,46] including pectin hydro
gels [47]. This “grain” structure was also clearly observed by atomic 
force microscopy in pectin/xyloglucan composite gel images [47].

3.3. Physical properties of MFC/LP casting films

Understanding the relevant physical properties of MFC/LP casting 
films can help to understand the performance of barrier coating using 
MFC/LP. The visual appearance of fruits is an important criterion that 
customers use in making purchasing decisions. The casting films made of 
different MFC/LP formulations all exhibited excellent transparency 
because of the microscale dimensions of the MFC and LP fibrils. All the 
logos covered with casting films (Fig. 3A0-A4) of different MFC/LP 
formulations can be clearly seen without noticeable differences, 
compared with the logos without film cover in Fig. 3A′. UV-VIS spec
trophotometric measurements indicated that the film with the most LP 
fibril loading has the highest optical transparency in the visible range of 
400–700 nm (Fig. 3B). It was reported that the application of pectin to 
polymethyl methacrylate (PMMA) improved pectin/PMMA film trans
parency [48]. The films containing LP fibrils also exhibited two ab
sorption peaks at wavelengths around 283 nm and 324 nm, 
corresponding to the benzoyl ring and cinnamoyl ring, respectively, in 
the flavonoids of phenolic compounds [49,50] in the LP.

SEM imaging can reveal the physical microstructures of MFC/LP 
casting films. The top surfaces of all films (Fig. 4A and A′) exhibited a 
more porous structure and were not as smooth as the bottom surface of 
the corresponding film (Fig. 4B and B′, contacting the petri dish). The 
voids on the film’s top surfaces reveal the porous nature of the films 
made primarily with a long aspect ratio MFC. The smooth bottom sur
face resulted from the settling effect of nanoscale cellulose fibrils in 

Table 3 
Time-dependent images of water droplets on MFC/LP casting films.

MFC 0.45 MFC/LP 0.40:0.05 MFC/LP 0.35:10 MFC/LP 0.30:0.15 MFC/LP 0.25:0.20

0 s

1 s

5 s

10 s

30 s

60 s
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MFC, low aspect ratio LP fibrils, and the water-soluble viscous pectin 
fibers during film casting and drying. This is corroborated by the fact 
that the film made of pure MFC without short aspect ratio LP fibrils and 
pectin exhibited the largest void size on the order of 0.5–1 μm compared 
with other films (Fig. 4A′). Furthermore, the voids appear to decrease in 
both size and depth with increasing LP fibril substitution.

The density of the MFC/LP casting film was in general first increased 
with LP fibril substitution and then decreased, which is supported by 
ANOVA along with subsequent Tukey test (Table 1). The density of the 
casting film largely depends on the porosity of the film which increases 
with increasing LP substitution as discussed above (Fig. 4). It also de
pends on the densities of the constituent materials of the film, i.e., MFC 
and LP fibrils. Because SMC milling broke the micropores, such as the 
lumens and vessels in wood fibers and sacs and pores in the flavedo and 
albedo of lemon [51], as shown in Fig. 2A2, A3, B2, B3, the density of 
MFC can be assumed as the same as its constituents, i.e., cellulose and 
hemicelluloses of approximately 1.5 g/cm3, and the density of LP can be 
assumed as the same as its constituents, i.e., a lower amounts of cellulose 
and hemicelluloses and a larger amount of low density pectin of only 0.7 
g/cm3. Therefore, increasing LP substitution decreased the density of the 
film constituent material, in addition to decreasing film porosity (Fig. 4) 
as discussed above. These two opposite contributing factors dictated the 
increasing and decreasing trend in the densities of the casting films with 
increasing LP substitution. The results in Table 1 indicate that the 
maximal density (lowest thickness) was achieved with an intermediate 
LP substitution of 22 % in formulation MFC/LP 0.35:0.10.

Film water vapor permeation depends on several factors such as the 
hydrophilicity of the films, the porosity or the density of the films, as 
well as the tortuosity of the pore channels within the films. It is generally 

understood that a less hydrophilic film with greater density and pore 
channel tortuosity has a lower water vapor permeation. Increasing LP 
fibril substitution increased the resulting film hydrophilicity because LP 
contains a significant amount of pectin that is highly hydrophilic, as 
pectin is rich in hydroxyl and carboxy groups [52]. However, increasing 
LP substitution resulted in an increasing and decreasing trend in film 
density as discussed above. Consequently, the combined effects of film 
hydrophilicity and film density dictated the role of LP substitution on 
casting film water vapor permeation. The measured results indicate that 
in general the film water vapor transmittance rate (WVTR) was 
increased with increasing LP substitution (Table 1). This is also true for 
water vapor permeation (WVP) except for the film made of MFC/LP 
0.035:10 with the greatest density. ANOVA supported both conclusions 
(Table 1). Subsequent Tukey test (α = 0.05) indicates that the effect of 
LP substitution on WVTR observed is statistically significant for paired 
groups between each of the three low LP substitutions (X1, X2, X3) and 
the highest LP substitution (X5), affirmed the general trend of increasing 
LP increases WVTR. Similarly, the effect of LP substitution on WVP 
observed is statistically significant for paired groups between the highest 
density film (X3) and the films with each of the high LP substitutions (X4 
and X5), which affirmed that the maximal WVP was achieved at a 
moderate LP substitution of 22 % (X3) MFC/LP 0.035:10 with greatest 
casting film density. Therefore, the trade-off for achieving a great cast
ing film transparency by increasing LP substitution is increasing water 
vapor permeation.

In summary, the optical and physical properties of the casting MFC/ 
LP films with constant grammage provided information on the effect of 
LP substitution on the film gas permeation. These properties are directly 
related to the film structure as well as the coating functionality. 

Fig. 5. Effects of MFC/LP barrier coating on time-dependent banana physical and chemical properties: (A) Peel browning fraction; (B) weight loss; (C) firmness; (D) 
total soluble sugars (TSS).
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Specifically, increasing LP substitution increased the optical trans
parency in the visible range of the barrier coating film, which ensures 
the bright color of fresh fruits without negatively affecting fruit 
appealing to customers. It also increases the content of flavonoids of 
phenolic compounds to result in a film with improved antioxidant and 
antimicrobial capabilities as the benzoyl and cinnamoyl rings in flavo
noids have natural antioxidant and antimicrobial properties. Casting 
film structural porosity or density is directly related to film water vapor 
permeation and therefore affects barrier coating performance such as 
preventing fruit moisture or weight losses, regulate fruit respiration and 
ripening as will be discussed later in the Sections 3.5–3.6. The coating 
formulation of MFC/LP 0.35:0.10 with moderate LP substitution of 22 % 
resulted in the greatest casting film density (lowest porosity) and lowest 
WVP. This suggests that moderate LP substitution levels are preferred to 
achieve best barrier performance. This guideline is validated by banana 
barrier coating experiments, i.e., either high LP substitutions, or zero LP 
substitution (MFC 0.45) did not achieve the best performance for banana 
preservation, rather with the substitution of 11 % using formulation 
MFC/LP 0.40:0.05, as will be discussed later in the Sections 3.5–3.7. The 
slight deviation in the optimal LP substitution level from the casting film 
study is attributable to several factors such as coating film thickness and 
pore channel tortuosity, as well as film adhesion on banana peel surface.

3.4. Banana surface wettability

The wettability of MFC/LP suspensions on the banana peel surface 
was evaluated to predict the coating behavior for producing good and 
uniform barrier. The surface tensions of MFC/LP suspensions γLV first 
decreased with increasing LP substitution, reaching the lowest value of 

36.0 mN/m at LP substitution of 22 %, i.e., MFC/LP 0.35:0.10, and then 
increased, as seen in Table 2. The suspension contact angle was not 
much affected with increasing LP substitution except at the highest LP 
substitution MFC/LP 0.25:0.20, which is affirmed by Tukey test. These 
data suggest that suspensions with lower LP substitutions of 11 % and 
22 %, i.e., MFC/LP 0.40:0.05 and MFC/LP 0.35:0.10, had a better 
wettability and coating efficiency on the banana surface [53].

Good water washability of the coating layer is attractive to con
sumers even though bananas are always consumed after peeling. The 
hydrophilia of MFC/LP casting films was evaluated as a measure of 
coating washability. It can be seen from Table 3 that the pure MFC 
casting film completely absorbed the water droplet in 10 s. Moreover, 
the water droplets on all MFC/LP casting films can be thoroughly 
penetrated and absorbed in 30 s. This fast water absorption suggests that 
all MFC/LP barrier coatings have great hydrophilia and should be easily 
washable using water.

3.5. Performance of MFC/LP barrier coating on bananas

Banana peel browning is an important factor consumers use in 
making purchasing decisions and is often correlated to the freshness of 
the bananas. The banana browning fraction was measured using image 
analysis. As expected, banana browning fraction increased with storage 
time as shown in Fig. 5A. All MFC/LP barrier coating formulations 
slowed down the browning of the banana peel. The MFC/LP 0.40:0.05 
formulation had the most significant effect on slowing down the banana 
browning process. Rapid peel browning started at about 7 days of 
storage. This can be directly visualized from the photographic images of 
the bananas in Fig. 6. The banana peel color changed from greenish to 

Fig. 6. Comparisons of the visual appearance of bananas without and with different coating formulations. A: Control (no coating); B: MFC 0.45; C: MFC/LP 
0.40:0.05; D: MFC/LP 0.35:0.10; E: MFC/LP 0.30:0.15; F: MFC/LP 0.25:0.20.
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yellowish in the first 4 days. By day 4, the bananas remained appealing 
to consumers with minor peel browning. The effectiveness of different 
barrier formulations can be seen by comparing the number of days to 
reach a similar level of browning at which the banana is still acceptable 
to consumers, in other words, “the last day to sell”. As shown in Figs. 6
and S2, the last day to sell was day 6 for the control, day 7 for the pure 
MFC coating, and day 8 for the MFC/LP coatings. This comparison 
suggests that barrier coating with MFC/LP 0.40:0.05 slowed banana peel 
browning by 2 days, in agreement with our earlier banana barrier 
coating study using CMC substitution of MFC [27]. It should be 
emphasized that 2 days, though short, represent a 33 % increase in shelf 
life compared with control considering typical banana shelf life in su
permarkets is only approximately 7 days. The bananas used in the study 
were purchased from a local market, which could be a week after har
vest. This time elapses since harvest can significantly affect coating 
performance. The difference in the appearance of bananas without and 

Fig. 7. Effects of MFC/LP barrier coating on time-dependent banana respira
tion. (A): Ethylene; (B): oxygen; (C): carbon dioxide.

Fig. 8. SEM images of MFC/LP barrier coating films peeled off banana peel 
surface. 0: MFC 0.45, 1: MFC/LP = 0.40:0.05, 2: MFC/LP = 0.35:0.10, 3: MFC/ 
LP = 0.30:0.15; 4: MFC/LP = 0.25:0.20; I: Inner surface touching banana 
epicarp, O: outer surface facing ambient air.

J. Geng et al.                                                                                                                                                                                                                                     International Journal of Biological Macromolecules 338 (2026) 149666 

10 



with different coatings on day 9 further validated the effectiveness of 
MFC/LP coatings. Fitting the browning fraction data using a logistic 
model (Eqs. (2) and (3)) resulted in an EC10 (the onset of rapid brown
ing) value of approximately 7 days for the control sample (Table S6). 
Comparing the EC10 values for different coatings, the effectiveness of 
MFC/LP coatings for slowing down browning is evident, and in agree
ment with the visual observations discussed above. t-Test indicates that 
the observed differences in browning fractions between each of the 
coating groups and the control group (no coating) were statistically 
significant with the probability of greater than 99 % (Table S7).

It is generally understood that the oxidation of the natural phenols in 
the banana peel through enzymatic reactions results in the brown pig
ments of benzo-quinone and melanin [54,55]. Barrier coating decreased 
oxygen supply as can be seen from the decreased oxygen respiration of 
bananas as will be discussed later, which decreased the formation of 
brown spots [2,56].

Fruit weight loss is another important measure of barrier coating 
performance because it directly affects the economic profits of growers 
and grocers as bananas are sold by weight. Different MFC/LP coating 
formulations all decreased banana weight loss as shown in Fig. 5B. 
Formulations with the lowest LP substitution of 11 %, e.g., MFC/FC =
0.40:0.05, had the lowest weight losses at approximately 14 % on day 8 
(the last day to sell). Pure MFC and the formulation with the greatest LP 
substitution of 44 %, i.e., MFC/LP = 0.25:0.20, had slightly more weight 
losses but remained lower than the control. t-Test indicates that the 
measured differences in banana weight loss between each of the coating 
groups and the control group (no coating) were statistically significant 
with the probability of greater than 99.9 % (Table S7).

Barrier coating using MFC/LP had a limited effect on banana fruit 
firmness. The measured banana fruit firmness of bananas with and 
without coatings is within the error margin as shown in Fig. 5C, espe
cially when comparing the firmness values on the last day to sell among 
the control banana (day 6) and the coated bananas (day 8). t-Test sup
ported this (null) hypothesis with 95 % probability (Table S7). This also 
agrees with our earlier study using CMC substitution of MFC under 
normal banana ripening scenarios [27]. Barrier coating did not affect the 
rapid rise in the total dissolved solids (TSS) in the banana fruits in the 
first 3 days of storage as shown in Fig. 5D. TSS plateaued after 3 days. 
Coated banana fruits generally had a slightly lower TSS level supported 
by t-Test with 95 % probability (Table S7), which is favorable to grocers 
as most consumers prefer a not too firm banana once it ripens.

3.6. Effect of barrier coating on banana respiration

It is well known that a surge in ethylene production occurs during 
banana ripening [1]. Within the first week of storage, ethylene release 
was low as shown in Fig. 7A, similar to banana browning (Fig. 5A). The 
effect of LP loading in coating on ethylene release was not differentiable 
for some coating formulations due to the variations in their initial states 
among different bananas as well as the low amount of ethylene release. 
The rapid release of ethylene started on day 6 when the effect of the 
barrier coating on ethylene release and peel browning became notice
able as validated by t-Test with 95 % probability except for the coating 
group with MFC/LP 0.35:0.10 (Table S7). Ethylene is a plant hormone 
that triggers color changes and fruit ripening [57]. The measured 
ethylene release data indicated a direct correlation between ethylene 
release and banana peel browning (Fig. S3A). The data also showed that 
this correlation is universal for bananas with and without MFC/LP 
barrier coatings, i.e., all the data sets collapsed onto the same correlation 
curve. This indicated that suppressing ethylene release can decrease 
banana peel browning. As shown in Fig. 7A, barrier coating especially 
using the formulation MFC/LP 0.40:0.05 decreased ethylene release, as 
a result, it slowed down banana browning compared with control (no 
coating) as presented in Figs. 5A and 6.

The ethylene release data also had an excellent universal correlation 
with banana weight loss during ripening with or without barrier coating 

(Fig. S3B). However, the correlation curve had an y intercept of 
approximately 10 %. This intercept occurs because weight loss started 
on day 1, long before the surge of ethylene production on day 6, and 
increased linearly with storage time as shown in Fig. 5B. This correlation 
suggests that banana weight loss in the first 6 days is primarily 
contributed by the loss of moisture during which the biological ripening 
process was slow. The barrier coating not only can prevent moisture loss 
but also slow down ethylene release to result in decreasing banana 
weight loss (Fig. 5B). A negative universal correlation was obtained 
between ethylene release and banana fruit firmness (Fig. S3C), which 
confirmed that the bananas became soft as a result of biochemical re
actions in the ripening process that released ethylene. It was noticed that 
the total amount of dissolved solids had a very weak correlation with 
ethylene release (Fig. S3D), which suggests that enzymatic hydrolysis of 
starch and degradation of cell wall are not related to ethylene 
production.

Decreasing environment oxygen concentration can slow ethylene 
production, fruits ripening, and the deterioration of fruits [58]. Respi
ration data indicated that barrier coating decreased oxygen respiration, 
as shown in Fig. 7B. t-Test supported the observed differences in oxygen 
respiration between each of the coating groups and the control group 
(no coating) with 95 % probability (Table S7). Furthermore, the coating 
using MFC/LP 0.40:0.05 resulted in the lowest oxygen respiration with 
the control being the highest, which was affirmed by t-Test with 99.9 % 
probability (Table S7). The oxygen respiration data agreed with the 
ethylene release data reported in Fig. 7A and banana peel browning in 
Figs. 5A and 6. Because the oxidation of natural phenols in banana peels 
resulted in the peel browning, decreasing oxygen respiration can 
decrease oxygen supply to alleviate peel browning [2,56]. The data 
showed that oxygen respiration was relatively constant in the first week 
right before the surge of ethylene production, then decreased linearly 
with time after day 7 by approximately 50 %, and leveled off after day 
12, consistent with the leveling-off of ethylene release shown in Fig. 7A. 
The measured carbon dioxide release data (Fig. 7C) showed a similar 
trend to that of oxygen respiration except for the pure MFC 0.45 coating 
group. t-Test affirmed the observed differences between each of the 
coating groups and the control (no coating) with a probability of 95 % 
(Table S7). Leveling off carbon dioxide concentration was not observed 
even after 15 days.

3.7. Microstructures of barrier coating film on banana peel

Barrier coating performance depends not only on the basic film 
properties of the coating formulation, which can be evaluated using 
casting films, but also on the film’s adhesion to the banana peel. Lose 
contact between the coating film and the banana peel surface with 
insufficient adhesion leaves space between the film and the banana peel. 
This space serves as a reservoir for supplying oxygen and other gases, 
accelerating ripening, and resulting in poor barrier performance. SEM 
imaging of the fragments of peeled films from banana surfaces coated 
with different MFC/LP formulations revealed the prints of the banana 
epicarp surface in the form of dimples formed on the coating films by 
protrusions of the banana epidermal cells as reported in the literature 
[56,59]. The dimples are hemispherical with a uniform diameter of 
approximately 10 μm [27] as shown in Fig. 8. The dimples are very 
shallow and almost invisible on the pure MFC 0.45 coating film fragment 
(Fig. 80I and 0O). The dimples are deeper and more distinct on the 
coating film fragments with MFC/LP formulations (Fig. 8). It should be 
noted that peeling off the MFC/LP coating films was considerably more 
difficult than peeling off the pure MFC coating film, suggesting MFC/LP 
coatings had better adhesion than pure MFC coating, and furthermore, 
Fig. 8 may not represent the regions with the most adhesion to the ba
nana peels for the MFC/LP coating films, and therefore, it did not show 
deeper dimples for the formulations with greater LP fibril substitution. 
The greater adhesion of the coating to banana peels using formulations 
containing LP fibrils also supports improved barrier performance, in 
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agreement with the ethylene release and oxygen respiration data shown 
in Fig. 7.

3.8. Future work

This study shows promise in using plant-based carbohydrates for 
barrier coating of bananas to extend shelf life to reduce postharvest 
waste. However, more work is needed for commercialization. Issues to 
be addressed include: (1) demonstrating the concept using immediately 
harvested fruits, studies are underway in our laboratory currently by 
working with collaborators. (2) understanding the effect of barrier 
coating on fruit taste, nutrition, etc. It is known that a too dense coating 
can result in an anerobic ripening process to form alcohols due to lack of 
oxygen respiration [7,60]. Any disruption in normal fruit ripening can 
certainly change the taste of fruit and nutrition value. We will rely on 
collaborators with established protocols for this study using both stan
dard instruments and human taste testing. (3) demonstrating the safety 
of the coating material and process with approval from regulatory 
agencies by using established in-vitro and in-vivo testing methods. (4) 
field trial studies at our collaborator fruit farm in large quantities using 
different fruits and commercial harvest process flow to obtain relevant 
process data for tech-economic and life cycle analyses.

4. Conclusions

This study developed an effective barrier coating formulation using 
pure plant-based carbohydrate polymers to extend the shelf life of ba
nanas. The barrier coating formulation mixed two carbohydrate poly
mers: microfibrillated cellulose (MFC) from commercial bleached 
hardwood pulp fibers and fibrils of commercial lemon peels (LP). The 
formulation with the best performance had a MFC over LP concentration 
(wt%) ratio of 0.40:0.05. Compared with the control (no coating), bar
rier coating with this formulation decreased ethylene production and 
slowed down banana peel browning, resulting in a longer shelf life of 2 
days, as well as decreased banana weight loss. Compared with barrier 
coating using pure MFC, the substitution of MFC with LP fibrils 
increased the adhesion of the coating film on the banana peel surface to 
form a tight coating layer as revealed by SEM imaging, which decreased 
ethylene release and oxygen respiration. The decreased oxygen respi
ration slowed down the enzymatic oxidation reactions responsible for 
banana peel color browning during banana ripening. The substitution of 
MFC with LP fibrils also improved the hydrophilia of the coating film, 
which improved the washability of the coating layer even though ba
nanas are always consumed after peeling. This study demonstrated the 
utilization of whole LP without extraction/separation.
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