NANO... 5

pubs.acs.org/NanoLett

| Letter

Cellulose Surface Nanoengineering for Visualizing Food Safety
Zewan Lin, Xiaotong Fu, Ke Zheng,* Shaobo Han,* Chaoji Chen, and Dongdong Ye*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.nanolett.4c01513

ACCESS |

ABSTRACT: Food safety is vital to human health, necessitating
the development of nondestructive, convenient, and highly
sensitive methods for detecting harmful substances. This study
integrates cellulose dissolution, aligned regeneration, in situ
nanoparticle synthesis, and structural reconstitution to create
flexible, transparent, customizable, and nanowrinkled cellulose/Ag
nanoparticle membranes (NWCM-Ag). These three-dimensional
nanowrinkled structures considerably improve the spatial-electro-
magnetic-coupling effect of metal nanoparticles on the membrane
surface, providing a 2.3 X 10® enhancement factor for the surface-
enhanced Raman scattering (SERS) effect for trace detection of
pesticides in foods. Notably, the distribution of pesticides in the apple peel and pulp layers is visualized through Raman imaging,
confirming that the pesticides penetrate the peel layer into the pulp layer (~30 ym depth). Thus, the risk of pesticide ingestion from
fruits cannot be avoided by simple washing other than peeling. This study provides a new idea for designing nanowrinkled structures
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Nanowrinkled cellulose/Ag membrane

and broadening cellulose utilization in food safety.
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n developing countries, food safety, involving microbial and

heavy metal contamination, pesticide and veterinary drug
residues, excessive use of additives, counterfeiting, and the
negative impact of environmental pollution, generally faces
severe situations. In addition to measures such as increasing
the cost of violating the law and improving the legal system,
developing facile, efficient, and visual food safety character-
izations is essential. Compared with gas or liquid chromatog-
raphy, spectroscopic detections, such as Raman spectroscopy
(RS) and atomic absorption spectroscopy, are the more widely
used nondestructive and convenient analytical techniques in
food safety." However, RS is considerably limited by the
naturally weak signals generated via inelastic scattering from
molecules, making the detection accuracy extremely dependent
on the molecular concentration.

Surface-enhanced Raman scattering (SERS)” is the most
common method that overcomes the aforementioned limi-
tation through near-field coupling of nanoparticles (e.g., Ag,3
Au,* Cu,° and TiO, nanoparticles6 and quantum dots”) or
semiconductor nanosheets (e.g, MXene,”” MoS,,'® and
graphene'') to generate enhanced electromagnetic fields or
localized surface plasmon resonances, thereby achieving
exponential enhancement of the inelastic scattering signals.
Drug compounds,'>'* water contaminants,'*”'® and metabo-
lites'”'® have been identified via SERS at quantities below the
detection thresholds of RS. SERS research has primarily
focused on developing plasmonic nanomaterials,'”*° designing
suitable substrates,”' ™ improving the detection perform-
ance,”* and increasing the flexibility of substrate materials.”**°
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Flexible substrate materials can better fit irregular detection
surfaces than rigid substrates.”’ >’ As an environmentally
friendly and easily modified biomass material, cellulose is a
feasible and flexible template for SERS research.’’™**
Cellulose-based materials, such as paper,””** nanocellulose
membranes,® cotton fabrics,* wet-spun fibers,”” and cotton
swabs,”® can achieve SERS by depositing or synthesizing
functional nanomaterials on the surface. However, such
cellulose systems have two characteristics: 1) the transparency
and flexibility of the material cannot be balanced, resulting in
monotonous detection forms and limited application; 2) the
SERS enhancement mechanism only relies on functional
nanomaterials, resulting in the weakly SERS-responsive
cellulose material.

Herein, we construct a class of regenerated cellulose-
composited membranes that integrate transparency (91%),
flexibility, and customizable three-dimensional nanowrinkled
structures to enhance efficient Raman scattering in complex
application scenarios. Unlike traditional isotropic cellulose-
based SERS templates®~*' with a rough or smooth structure,
the regenerated-cellulose membranes with aligned, nano-
wrinkled surface structure fabricated via confined air-drying
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Figure 1. Preparation of the NWCM-Ag membrane. (a) Preparation of NWCM-Ag through confined air-drying of the aligned cellulose hydrogel.
The schematic was created by author Zewan Lin through 3D Studio Max software. (b, c) Surface morphologies of NWCM-Ag using SEM and
AFM characterizations. (d) Large-scale demonstration of NWCM-Ag. (e) Comparison of light transmittance and flexibility between different
membranes. (f) Comprehensive performance analysis of NWCM-Ag based on comparison with representative SERS substrates.

of aligned cellulose hydrogel achieve a three-dimensional
distribution of functional nanomaterials on the material
surface. A spatially enhanced coupling effect is generated on
the surface of membranes, considerably improving the
detection performance of the material. Using rhodamine 6G
(R6G) and the pesticide thiram as probe molecules, the
detection limit was 107° M, and the enhancement factor
reached 2.3 X 10% In addition, Raman imaging technology
demonstrated spatial detection stability of the composite
membrane. Owing to the densification and orientation design
of the nanostructure, the composite membranes exhibited
excellent mechanical properties and a high SERS performance,
enabling efficient detection of additives in food items such as
vegetables, fruits, and seafood. The findings of this study
provide a reference to further promote flexible SERS materials
with a synergistically enhanced microstructure.

Figure la and Figure S1 show the process used to prepare
NWCM-Ag. Based on our previous study,”” the regenerated
cellulose solution underwent sol—gel transition through
covalent cross-linking, and the alkaline gel further formed an
aligned cellulose hydrogel comprising a highly oriented
nanofibril structure through external force stretching and
poor solvent-induced self-aggregation of the cellulose molec-
ular chains. Subsequently, the hydrogel was immersed in silver
nitrate and a reducing agent solution sequentially to prepare an
aligned composite hydrogel with silver nanoparticles on the
surface. Interestingly, unlike the previously reported cellulose
membranes with a smooth surface that were air-dried into four-
side-confined aligned hydrogels," a three-dimensional nano-
wrinkle-structured membrane could be constructed by air-

drying the two-side-confined aligned cellulose hydrogel along
the orientation direction.

The confined-drying strategy endowed NWCM-Ag with a
long-range-ordered, parallel-aligned nanowrinkled structure, as
confirmed by the SEM and AFM images shown in Figure 1b
and 1c, respectively, resulting in a high degree of orientation of
NWCM-Ag (Figure S2). Considering that the spot size of the
detection laser during RS performed in this study exceeds 250
nm, the adjacent nanowrinkled intervals can be covered
entirely by the laser, which provides structural support for
applying a three-dimensional nanostructure in SERS detection.
Figure 1d shows a large-scale demonstration of NWCM-Ag,
which exhibited excellent flexibility to withstand large
curvature bending; however, CNC and MXene membranes
were brittle (Figure le). Furthermore, NWCM-Ag exhibited
high optical transmittance, reaching 91% in the visible-light
range; the light transmittance at the absorption peak of the Ag
nanoparticles was >66% (Figure S3), which indicates the
potential to realize transmission Raman detection. To further
evaluate the performance of NWCM-Ag, we compared it with
other SERS substrates such as a cotton fabric-Ag, S an MXene
membrane,”* PMMA chip-Au@Ag, " and CNC membrane-
Au@Ag. "’ Results showed that NWCM-Ag demonstrated
relatively comprehensive and significant performance in terms
of the SERS effect, flexibility, transmittance, large-scale
fabrication, cost, and stability (Figure 1f; Tables S1—S3).

We further studied the formation process of the surface
nanowrinkles of the cellulose hydrogels by monitoring the
morphologies of the hydrogel during the confined-drying
process. The results demonstrated that the length of the
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Figure 2. Research on the formation process of nanowrinkles and the characterization of NWCM-Ag. (a) Polarized images of oriented cellulose
hydrogels at different drying times. (b) Surface SEM images of cellulose hydrogels during the drying process. (c) Effect of drying time on cellulose
nanowrinkle structure. (d) AFM height image and (e) the corresponding Derjaguin—Muller—Toporov (DMT) modulus image of the NWCM-Ag
specimen. (f, g) SEM mapping and TEM image of Ag element at the surface of NWCM-Ag.

hydrogel was unchanged along the fixed direction during the
drying process, and shrinkage deformation of up to 86%
occurred perpendicular to the fixed direction, which was
confirmed by bright-field and polarized images (Figure S4 and
Figure 2a). In addition, we characterized the morphologies of
the hydrogel specimens during the drying process. The results
demonstrated that the porous network inside the oriented
hydrogel densified gradually (Figure 2b) with the average
spacing being reduced from 1.6 to 0.3 ym and the wrinkle
density (i.e., the number of wrinkles per 2 ym) increasing from
one to seven (Figure 2c), ultimately forming a highly ordered
long-range nanowrinkled structure.

Furthermore, we observed that the formation and structural
parameters of the nanowrinkles are strongly dependent on the
intrinsic structure of the hydrogel. In particular, we found that
applying the confined air-drying strategy to the isotropic
cellulose hydrogel (4 = 1.0) produced a disordered and nearly
smooth surface structure rather than aligned nanowrinkles, as
confirmed by the acquired dark polarized image and surface
SEM and AFM topography images (Figure SS5a). Furthermore,
the oriented cellulose membranes obtained after confined air-
drying exhibited highly parallel and denser nanowrinkled
structures with gradually reduced spacing distances (from 549
to 390 nm) and increased wrinkle density (from three to six)
when A was increased from 1.5 to 2.5 (Figure SSb). The
aforementioned results prove that the oriented gel underwent
spontaneous shrinkage perpendicular to the orientation
direction under restricted drying, thus indicating the possibility
of realizing a three-dimensional metal particle distribution.

In fact, the in situ synthesis of silver on the hydrogel surface
did not alter the formation of the nanowrinkles during the
drying process. For example, the AFM height map of NWCM
loaded with Ag nanoparticles demonstrates a periodic parallel
nanowrinkled structure (Figure 2d). In addition, we mapped
the surface modulus distribution of NWCM-Ag to highlight
the distribution of the metal particles on the surface (Figure
2e). Here, by embedding and slicing, we obtained ultrathin

samples of the surface structure of NWCM-Ag for transmission
electron microscopy (Figure 2g). The results demonstrated
that the silver nanoparticles (average size: 20 + 5.9 nm) were
dispersed uniformly on the surface of NWCM-Ag (Figure S6),
and the energy-dispersive X-ray spectroscopy image proved
that the silver nanoparticles were uniformly loaded on the
material surface (Figure 2f). Furthermore, in the representative
XRD spectrum of NWCM-Ag, prominent diffraction peaks
appeared at 26 of 37.48° 43.78°, 64.14°, and 77.3° and were
attributed to silver particle (111), (200), (220), and (311)
metal crystal plane peaks® (Figure S7). In addition, X-ray
photoelectron spectroscopy confirmed the valence electron
state of the Ag, peaks in the membrane, i.e., 373.48 and 367.48
eV for the Agsy peaks™ (Figure S8).

Considering that the nanowrinkled structure increases the
effective detection area on the cellulose surface irradiated by a
single laser spot and endows Ag nanoparticles with a spatial
three-dimensional distribution to further enhance the electro-
magnetic coupling and thereby significantly improve the
inelastic scattering signal (Figure 3a), we first tested the
Raman spectra of a probe molecule R6G solution (107 M)
impregnated on four types of cellulose membranes, i.e., CM,
CM-Ag, NWCM, and NWCM-Ag. The results demonstrated
that NWCM-Ag had a much higher enhancement effect than
did the other three membranes (Figure 3b). Notably, the
NWCM-Ag exhibited more than 11 times the signal enhance-
ment at 1512 cm™" (aromatic C—C stretching of R6G) than
CM-Ag (Figure 3¢), demonstrating the improvement of the
nanowrinkled structure on the SERS effect.

Considering the potential impact of the sparse and dense
structure of the nanowrinkled membranes on the SERS effect
(Figure S9a), we evaluated the SERS effect of NWCM-Ag for
different stretching ratios (i.e., wrinkle densities). As shown in
Figure S9b, the SERS effect of the composite membranes for
detecting the R6G molecules increased with increasing
nanowrinkle density. This may be attributed to the reduced
nanowrinkle intervals enlarged by the practical detection areas
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Figure 3. Evaluation of the SERS effect of NWCM-Ag. (a) Schematic diagram of the different SERS effect on smooth and wrinkle structures. (b)
Representative Raman spectra of four cellulose membranes against the R6G solution (107 M) under the same test conditions. (c) Comparison of

Raman intensity at 1512 cm™

in four cellulose membranes. (d) Detection capability comparison at ultralow concentrations of NWCM-Ag and

CM-Ag. (e) SERS signal uniformity test through plane matrix imaging (19 X 17 points). The representative Raman spectra (f) and the intensity
distribution diagram (g) of eight selected adjacent points of testing area. (h) Intensity at 1512 cm™ of the aforementioned Raman spectrum.

on the laser spot irradiation area, thereby strengthening the
SERS effect over 60 times (Figure S9c). Even at molecular
concentrations as low as 107° M, high-resolution detection can
be achieved using NWCM-Ag (4 = 2.5) (Figure S10). At an
ultralow detection concentration of 107 M, NWCM-Ag (4 =
2.5) demonstrates incredibly higher spectral resolution than
CM-Ag (4 = 1.0) (Figure 3d). In addition, absolute
enhancement factors (EFs) reaching 2.3 X 10° were calculated
as follows by normalizing the intensities for the laser power,
acquisition time, and detector sensitivity under the same
collection conditions®”**

I I
EF, = sers/ Toulk "
1

where Iggpg and Iy represent the SERS and the conventional
Raman intensities at 1365 cm™, respectively, and Cgprg and
Cpulc represent the concentration of the probe molecules at
107 and 1 M, respectively.

The uniformity of the substrate’s SERS effect is necessary to
achieve efficient and stable detection. Raman imaging

CSERS/ Cbulk

technology was used to evaluate the detection uniformity of
NWCM-Ag for low concentrations of R6G molecules (10~
M). As shown in Figure 3e, 323 points at equal intervals within
the test areas exhibited high correlation coeflicients, ranging
from 0.835 to 0.935, which matched the R6G standard
spectrum well and verified the stable identification of the
ultralow concentration molecules. In addition, we visualized
the intensity distribution three-dimensionally (Figure 3f and
3g) by selecting eight adjacent Raman spectra from the testing
area. The overall line shape and characteristic peak intensities
exhibited extremely high reproducibility, which proves the
uniformity of the SERS effect of subtractions (Figure 3h).
The as-prepared NWCM-Ag integrating light transmittance,
flexibility, and the SERS effect has essential applications in
food safety detection. For example, pesticides are frequently
used during fruit cultivation to increase yields; thus identifying
the composition and distribution of pesticides on the surface of
and inside fruits is important for protecting human health. In
this study, we used the pesticides thiram and CBZ at specific
concentrations as models, sprayed them onto the apples’

https://doi.org/10.1021/acs.nanolett.4c01513
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01513/suppl_file/nl4c01513_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01513/suppl_file/nl4c01513_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01513?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01513?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01513?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01513?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c01513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

a b N,}‘ _< C ~ " o)_ e
Thiram s }n CcBz @[N»'NN
H,C
I - G
2 2
@ Thiram-Apple g CBZ-Apple
E fu " £
Thiram-Apple-SERS CBZ-Apple-SERS
00 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman shift (cm™) Raman shift (cm™)
d e
—10°M  ugc
5x10° 3 1385
Thiram ——10%M \{

—10'M R s
RO A 4x10°F ——10° M s

2 =
@ CcBz 2 3x10°
o) L
= £
- 2x10%
ixture
MM =
SR
i L i g . A LE e aistNST Nl YA
600 800 1000 1200 p 1400 1600 600 800 1000 1200 1400 1600
Raman shift (cm™) Raman shift (cm™)

g h

34 x 104 points

Intensity

\ NN

Ram, o S
an sp -
. hify (%1)% Position
f —— NWCM-Ag —— NWCM-Ag —— NWCM-Ag ——NWCM-Ag
I I Pristine 12 —— Pristine I3 —— Pristine la —— Pristine
> Chili powder = Cucumber z Rice grain = Shrimp
2 2 2 2
) L 2L 9
= = £ £
AP A i SR T
600 900 1200 1500 400 800 1200 1600 600 900 1200 1500 600 900 1200 1500
Raman shifit (cm™) Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)

Figure 4. Detection in pesticide and food safety of NWCM-Ag. (a) Schematic diagram of the application of NWCM-Ag in detecting pesticide on
apple peel. The schematic was created by author Zewan Lin through Photoshop and 3D Studio Max software. (b, c) Detection of thiram and CBZ
on apple peels, respectively, including standards, ordinary tests, and enhanced tests. (d) Enhanced Raman detection of two mixed pesticide spectra.
(e) Ultralow concentration detection experiment of thiram on the apple peel surface. (f) Selected 2D Raman imaging (f;), apple cut section (f,),
and representative Raman spectrum from the peel layer to the pulp layer (f;). (g) Three-dimensional intensity visualization of thiram at 559 cm™"
within the imaging area along the longitudinal axis. (h) Photographs of peeled apples and peel. (i) Universal food testing cases: chili powder (i,),
cucumber (i,), rice grains (i), and shrimp (i,).

surface, dried them naturally, and then rewashed them to Raman spectrum enhanced by the composite membrane could
simulate practical scenarios. Subsequently, NWCM-Ag was still distinguish the distinct peaks of pesticides even at a thiram
applied to the apple skin, which was then subjected to Raman concentration as low as 10~ M (Figure 4e), demonstrating the
testing (Figure 4a). Results demonstrated that, compared with membrane’s high sensitivity and SERS effect in practical
the low-intensity and difficult-to-identify spectra collected applications.

without NWCM-Ag (marked as thiram-Apple and CBZ-Apple Notably, individual cleaning processes and the permeability
in Figure 4b and 4c, respectively), the thiram-Apple-SERS and of pesticides may result in pesticides being present in areas
CBZ-Apple-SERS spectra enhanced by NWCM-Ag clearly other than the surface of the fruit. Thus, we covered NWCM-
showed the position of the pesticide characteristic peak and Ag on the side section of the apple (including the peel and

displayed considerably improved photon intensity. In addition, pulp layers) (Figure 4f;) and conducted 2D matrix Raman
NWCM-Ag can detect complex molecules with high imaging testing on the selected area (Figure 4f,). The

resolution. In other words, the typical Raman spectrum of software’s built-in algorithm (Wire 5.3, Renishaw) establishes
mixed thiram and CBZ on the surface of the apple peel was a one-to-one correlation between the test spectrum and the
identified (Figure 4d). In addition, we evaluated the detection thiram standard spectrum (the index range is 0—1, where 1
effect after spraying deficient concentrations of pesticides on means the spectrum is entirely coincident). We obtained a
the peel surface. The results showed that the characteristic visual distribution image of the pesticide molecules within the

E https://doi.org/10.1021/acs.nanolett.4c01513
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test range (Figure 4f;). The area near the pericarp layer shows
a correlation close to 1, proving that thiram tends to be
enriched near the surface layer. In addition, we found that even
within the pulp layer, which is approximately 30 ym from the
peel, the correlation index still exceeded 0.7. This indicates that
the pesticides penetrated the pulp layer and that traditional
fruit-cleaning operations cannot wholly remove pesticides. The
intensity of the thiram was related to the depth of the pulp
layer. In other words, the intensity decreased with increasing
depth, indicating a safe depth for pesticide penetration (Figure
4g). Considering that the pulp layer lost during peeling was
much larger than 30 pm, which was confirmed by ultradepth-
of-field microscopy (Figure 4h), we believe that the peeling
operation can effectively avoid the hazards of pesticides in the
fruit’s epidermis and near-epidermal pulp, thereby reducing the
probability of ingesting pesticides. In addition, NWCM-Ag
demonstrated enhanced versatility in terms of detecting
different types of food (Figure 4i), including condiments
(chili powder, Figure 4i,), vegetables (cucumber, Figure 4i,),
staple foods (rice, Figure 4i;), and seafood (shrimp, Figure
4i,), which significantly improves the application range of
composite membranes in the food security field.

In this study, we developed a process that integrates
cellulose dissolution, directional regeneration, nanoparticle
synthesis, and nanostructure construction to convert natural
cotton linters into customizable NWCM-Ag membranes
exhibiting a high SERS performance. The nanowrinkled
structure can be tailored in the interval range 549—390 nm
by adjusting the degree of orientation and confined air-drying
time. Owing to the three-dimensional distribution of metal
particles on the surface of the membrane, the -effective
detection area considerably increases, resulting in an improve-
ment in the electromagnetic coupling performance of the metal
particles. NWCM-Ag exhibits a high SERS effect, with the
detection limit of R6G reaching 10~ M and an enhancement
coefficient of 2.3 X 108 which are sufficient to realize both
individual and mixed identification of trace molecules (e.g.,
10° M thiram and CBZ). Furthermore, two-dimensional
Raman-enhanced imaging technology was employed to
visualize the spatial distribution of pesticides inside the
apple. The imaging results prove that the pesticides penetrate
the peel layer into the pulp layer (~30 ym). In addition, the
NWCM-Ag exhibits a universal SERS effect on various foods,
including fruits, vegetables, seafood, condiments, and staple
foods, thereby supporting avoiding the intake of harmful
substances. The findings of this study provide new concepts for
designing cellulose nanostructures and broaden the use of
cellulose nanomaterials in SERS applications.
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