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Thermoplastic Molding of Chitosan to Form Living Plastic
Materials

Reddhy Mahle, Peggy Cebe, Nilotpal Majumder, Onur Hasturk, Glenn Leung,
Chunmei Li, Weiguo Hu, Edward B. Gordon, Sanjana Gopalakrishnan, Yushu Wang,
Sourabh Ghosh, and David L Kaplan*

Numerous approaches for the solution-based fabrication of chitosan-based
materials are reported, but most often result in materials with limitations in
terms of stability in aqueous systems and mechanics unless chemical
cross-linking is utilized. In the present study, a thermomechanical
compression method is presented for solid-state processing of chitosan
powders into dense bulk plastic-like materials where the mechanical and
physical properties can be tailored. To achieve this outcome, chitosan-citrate
complexes, formed through ionic cross-linking and amidation, undergo
thermal fusion at high temperature and pressure to generate robust materials
with retention of the inherent properties of chitosan, including
biodegradability and cytocompatibility. The chitosan-based plastics can be
doped with enzymes and antibiotics with retention of bioactivity and are also
explored as living materials when microbial cells (e.g., Pseudomonas putida)
are included in the process and subsequently shown to maintain metabolic
functions to degrade organic pollutants. This thermoplastic approach for
solid-state processing of chitosan enables the development of a variety of new
materials and composites with embedded biomolecules for enhanced
functions. This solid-state fabrication of chitosan bulk materials approach
eliminates the need for conventional solution-based processing, enabling
rapid material production via compression molding while reducing costs,
minimizing waste, and improving overall manufacturing efficiency.
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1. Introduction

Biopolymers are invigorating worldwide
research toward functional and respon-
sive sustainable materials due to their
biodegradability, recyclability, and biogenic
point of origin.[1] Among proteins, polysac-
charides, lipids, and polynucleotides,
the polysaccharides constitute the most
abundant portion of biomass and are
therefore available in large quantities.[2]

Chitosan, derived through partial or
full deacetylation of chitin, is a polysac-
charide with distinct arrangements of
D-glucosamine and N-acetyl-glucosamine
units.[2–4] The abundance of hydroxyl
and amino groups in chitosan leads to
intra and intermolecular hydrogen bond-
ing resulting in an intricately woven
molecular and hierarchical structures.[5,6]

The unique molecular structure of chi-
tosan exhibits exceptional physiochemical
properties including solubility, viscosity,
and biodegradability, tuned by external
environmental factors such as pH and tem-
perature, toward applications in biomed-
ical materials,[7] tissue engineering,[8]

drug delivery,[5] food and agriculture,[6]

and bioelectronics,[9] among others.
Chitin is present in nature (e.g., crustacea, insects, fungi) as

an insoluble polymer which often limits its applications, thus,
requiring changes in chemistry (e.g., deacetylation) to modify
functionally into chitosan.[10] Some fungi generate chitosan di-
rectly, but this is the exception as a direct green synthesis of
chitosan from several Zygomycetes fungi such as Absidia, Rhi-
zopus, and Gongronella where G. butleri has been reported for
the highest direct yields of chitosan.[11] Chitosan is also ap-
proved by the US Food and Drug Administration (FDA) for
its use as a biomaterial[12] and is considered as Generally Rec-
ognized As Safe (GRAS)[13] which provides utility for a wide
range of applications. With the expanding potential of chitosan
applications across diverse fields, recent research has focused
on tailoring chitosan and its derivatives into various material
formats, including nanofibers, microspheres, nanoparticles, hy-
drogels, membranes, and 3D-printed scaffolds.[3] Among these,
chitosan membranes and films are particularly promising due
to their versatility in fabrication methods and adaptability for
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applications such as food packaging, separation membranes,
pollutant remediation, medical devices, and more.[14] Typically,
chitosan films are produced by incorporating cross-linkers and
plasticizers to enhance solubility, increase chain mobility, and
improve mechanical properties.[15] Commonly used techniques,
such as casting or solvent evaporation, involve treating chitosan
with ionic liquids, glutaraldehyde, or acetic acid. However, these
approaches often suffer from drawbacks including long process-
ing times and the use of toxic solvents, which limit their envi-
ronmental compatibility and biomedical applicability.[3,16] To ad-
dress these limitations, recent efforts have pivoted toward em-
ploying biodegradable and biocompatible cross-linkers and plas-
ticizers such as citric acid, choline chloride, glycerol, and genipin
that enable the fabrication of chitosan films using methods like
thermal pressing.[15,17] This not only reduces processing time
but also results in environmentally friendly and safer chitosan
materials.
In this work, we present a new approach to generate chitosan-

based materials which offers an opportunity to design and fabri-
cate customized dense, plastic-like material structures with sta-
ble shapes and excellent robustness. The process involves com-
pacting polymeric glucosamine chains under controlled pres-
sure and temperature in the presence of citric acid, which si-
multaneously acts as both a cross-linker and plasticizer. The
key advantage of this thermomechanical technique lies in its
tunable processing conditions, which allow control over the
biochemical and mechanical properties of the resulting mate-
rials. The resulting dense, plastic-like chitosan structures ex-
hibit versatility. Importantly, the relatively mild processing con-
ditions support the integration of bioactive molecules such as
enzymes and antibiotics into the chitosan matrix during fab-
rication. This enables the stabilization and retention of bioac-
tivity without requiring covalent cross-linkers, which are tra-
ditionally used for immobilizing enzymes and microbes in
the chitosan materials.[3,18] The tunability of processing con-
ditions and the retention of bioactivity enabled the fabrica-
tion of chitosan-based bacterial plastics as living materials.
Pseudomonas putida, a bacterium capable of degrading organic
pollutants,[19] was utilized to generate self-supporting chitosan-
based bulk living materials that exhibited phenol remediation
activity.

2. Results and Discussion

2.1. Preparation of Chitosan Plastics

Chitosan is a linear poly-aminosaccharide obtained by alkaline
deacetylation of chitin. The polymer is present in the exoskele-
tons of insects and crustaceans, and is found in lower eukary-
otic organisms such as fungal cell walls, Figure 1a.[20] The abun-
dance of hydroxyl and amino groups in the chitosan chains leads
to intra and intermolecular hydrogen bonding, therefore lim-
iting the solubility of chitosan in water and most organic sol-
vents, Figure 1b.[21] The transformation of chitosan powder into
chitosan-based dense plastic-like materials involved the plasti-
cization of chitosan using citric acid, Figure 1c. Citric acid, be-
ing a triprotic acid with three pKa values: 3.13, 4.76, and 6.40,
was used to solubilize chitosan by reducing the pH to ≈3 which
is below the pKa of the chitosan amino groups, therefore lead-

ing to protonated amine groups.[22] Chitosan, as a weak base,
acts as a cationic polyelectrolyte with positively charged amino
groups forming salt complexes with the negatively charged car-
boxylic groups in citric acid.[23] Subsequently, the complex that
forms was stirred overnight at 80 °C leading to possible cross-
linking between citric acid and chitosan.[24] The solution was
a mix of electrostatically and covalently cross-linked chitosan
and citric acid which is referred as Cs-CA solution. The ex-
cess citric acid was removed via dialysis of the Cs-CA solution
against DI water until no residual citric acid was detected by
mass spectrometry (Figure S1, Supporting Information). Dur-
ing dialysis, the pH increased to 5.1 leading to zeta poten-
tial dropping to 18 mV starting from 50 mV, due to reduced
charge density (Table S1, Supporting Information). The removal
of unbound citric acid and consequent deprotonation due to in-
creasing pH causes intra- and inter-chain interactions in chi-
tosan resulting in the formation of aggregates with citric acid
cross-linked between the chains (Figures S2 and S3, Supporting
Information).
The aggregate formation results in a water insoluble gel-

like suspension which is lyophilized to prepare the Cs-CA pow-
der. For the preparation of dense plastics, the Cs-CA powder is
packed into predesigned molds and thermomechanically com-
pressed at 632MPa to be densified into bulk chitosan plas-
tics. As a control, the chitosan powder as provided by the
supplier, was also processed under similar pressure and tem-
perature conditions. Figure 2a–f presents the photographs of
the starting material, and the plastics obtained in the process
which are prepared by thermomechanically compressing chi-
tosan and Cs-CA powder at 632 MPa but at different temper-
atures, i.e., 60, 90, and 125 °C for 20 min to compare the
outcomes.
The density of the chitosan plastic prepared at 125 °C in the

form of discs was calculated to be 1.27 g cm−3 while the thermo-
mechanically compressed pure chitosan powder yielded only a
loosely compacted plastic. Scanning electron microscopy (SEM)
images of the Cs-CA lyophilized powder showed flaky elongated
forms(Figure 2g,h), which were previously observed for freeze-
dried cross-linked chitosan hydrogels.[25,26] The chitosan plastics
changed features with increased temperature during the thermo-
mechanical compression process to densify the materials; the
plastics prepared at higher temperature exhibited homogenous
surface features and transparency. The cross-section electronmi-
croscopy images showed the bulk chitosan plastics prepared at 60
°C contained cracks and loosely compacted sides (Figure 2i), in
comparison to the plastics prepared at the higher temperatures
(90 and 125 °C). The plastics fabricated at these higher temper-
atures had more homogenous features (Figure 2j,k). The plas-
tics also exhibited a visual transition from white to pale yellow
to brown with increasing temperature from 60 to 125 °C. These
changes in the chitosan plastics can be attributed to the molec-
ular changes which were assessed using spectroscopic methods,
described in the next section.

2.2. Material Characterization

The plasticization/cross-linking of chitosan using citric acid
was studied and confirmed by spectroscopic and thermal
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Figure 1. Overview of chitin/chitosan processing. a) Chitin naturally sourced and chitosan as a chemical derivative after deacetylation; b) Chitosan
(medium molecular weight (≈200 KDa) cross-linking with citric acid, green ball with exposed carboxylic groups; c) Preparation of chitosan-based dense
plastics: step 1 - dialysis of chitosan-citric acid solution against DI water with dialysis membrane Mw cut off: 3.5 kDa; step 2 - freeze drying to generate
Cs-CA powder; step 3 – thermomechanical compression for the densification of the powder into plastics (Figure created with Biorender.com).

characterization. The solid state 13C nuclear magnetic resonance
(NMR) spectroscopy was carried out for the commercially sup-
plied chitosan and the Cs-CA powder to study the structural
changes at the molecular level. The solid state 13C NMR spectra
in Figure 2l, revealed characteristic peaks for citric acid and chi-
tosan. The spectrum for Cs-CA powder consisted of peaks cor-
responding to chitosan structure along with the new peaks as-
cribed to citric acid. The new peaksat 179.42 ppm and at 45 ppm
correspond to the carbon atoms from the citrate ions and sig-
nificant changes were observed for the peaks corresponding to
C1, C4, and C6 of the glucosamine unit of chitosan, where the
peaks shifted upfield due to the presence of citric acid in the
Cs-CA powder.[27,28] The peak broadening due to citric acid in-
corporation into chitosan structure can be ascribed to the cross-
linking[29] while the peak movement is expected to be due to
ionic and covalent interaction between chitosan chains and cit-
ric acid.[30] The NMR spectrum for Cs-CA powder was further
compared with the spectra obtained for the prepared positive
control (Ethylcarbodiimide hydrochloride (EDC) mediated cova-
lent coupling of citric acid and chitosan) and thermomechani-
cally compressed chitosan plastics (Figure S4, Supporting Infor-
mation). The appearance of peaks and peak shifts for Cs-CA in
comparison to chitosan indicatedmolecular binding of citric acid
to chitosan chains during the preparation of Cs-CA, which is
therefore not removed during dialysis due to being electrostat-

ically and covalently cross-linked to the chitosan as further con-
firmed by the X-ray photoelectron spectroscopy (XPS). High res-
olution N1s XPS scans were obtained for chitosan and Cs-CA
powder(Figure 2m). The nitrogen scans revealed the chemical
state of nitrogen atoms present in the chitosan in the negative
control,Cs-AA, chitosan dissolved in acetic acid, and the changes
during Cs-CA preparation. For chitosan, the nitrogen is present
mainly as primary amine groups (NH2) at ≈399 eV.[31] For Cs-
CA, new peaks appeared at ≈400.5 and ≈401.3 eV which were as-
cribed to CO-NH (amide bond) and protonated amines (NH3

+),
respectively. The percentage ascribed to amides was found to be
29%, confirming the amide linkage formed between carboxylic
and amine groups.[32,33] The detailed analysis of N1s spectra for
the Cs-CA powder when compared with the positive control and
the effect of thermomechanical compressing of Cs-CA powder
on the amidation was evaluated and presented in Figures S5 and
S6 (Supporting Information). The C1s scans (Figure 2n) further
revealed the cross-linking between citric acid and chitosan where
the peak areas for C─N and C═O increased significantly for Cs-
CA in comparison to chitosan in negative control (Cs-AA). The
peaks at 286 and 288 eV can be ascribed to the amidation and/or
ionic cross-linking between citric acid and chitosan and presence
of citric acid, respectively, in Cs-CA.[34] The C1s scans for posi-
tive control and Cs-CA samples were compared along with the
possible change in the chemical state during thermal processing
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Figure 2. Photographs of: a–f) chitosan powder; chitosan powder thermomechanically compressed at 125 °C; Cs-CA lyophilized powder; chitosan plastic
prepared at 60, 90, and 125 °C (from left to right, Tufts’ logo in the background to show the optical clarity of the plastics), SEM micrographs: g,h) Cs-CA
powder; i–k) cross section of the plastic prepared at 60, 90, and 125 °C; l) solid state 13C NMR spectra of citric acid, chitosan and Cs-CA (inset shows
the molecular structure of chitosan and citric acid next to their corresponding 13C NMR spectrum; dotted lines present the peaks for the carbon atom
in the glucosamine unit of chitosan and solid line indicate the appearance of the peaks owing to the incorporation of citric acid in the glucosamine
chains); m) high resolution N1s XPS spectra of chitosan in acetic acid, Cs-AA, (negative control) and Cs-CA powder; n) high resolution C1s XPS spectra
of chitosan in acetic acid, Cs-AA (negative control) and Cs-CA powder; o) FTIR spectra of chitosan in acetic acid, Cs-AA, (negative control), Cs-CA and
chitosan plastic prepared at 125 °C.

detailed in the supplementary information (Figures S7 and S8,
Supporting Information). To further validate the cross-linking,
the free primary amine group content was measured for Cs-CA
powder and compared with the positive and negative control; us-
ing the trinitrobenzenesulfonic acid (TNBSA) assay where the
free amine group concentration was estimated to be reduced to
≈65% for the Cs-CA solution (Figure S9 and Table S2, Support-
ing Information). The Fourier transform infra-red (FTIR) was
performed to gain insight into changes in the molecular struc-
ture of chitosan. In Figure 2o, the spetra for the negative con-
trol, Cs-AA and the Cs-CA powder showed the changes in the
inherent functional groups of chitosan due to presence of citric
acid. The FTIR spectrum for the Cs-AA powder showed peaks
at 1550 and 1648 cm−1 which correspond to the N─H bending/
C─N stretching (amide II) and C═O stretching (amide I), respec-
tively, for chitosan.[35] For the Cs-CA sample, the FTIR spectrum
demonstrates the presence of peaks at 1505 and 1537 cm−1 con-
firming the presence of both amide II and protonated amines in
the samples[35] while the shift of the peak at 1648 to ≈1630 cm−1

suggests hydrogen bonding involving the carbonyl group.[36] The
broadening of the peak centered at 1550 cm−1 hints at overlap-
ping of multiple amide/amine modes suggesting the formation
of cross-linked structure. The presence of a peak at 1700 cm−1

corresponding to carboxylic acids (C═O stretching vibrations for

esters) indicated the presence of citrate ions in the Cs-CA freeze
dried and thermomechanically compressed chitosan plastic.[35]

For thermomechanically compressed chitosan plastic, the peak
at ≈1505 cm−1 disappeared which indicates the reduction in the
protonated amines which aligns with the XPS scans (Figure, S5,
Supporting Information). The detailed FTIR spectra comparison
for thermomechanically compressed Cs-CA powder at different
processing temperature has been provided in the supplementary
information (Figure S10, Supporting Information).

2.3. Structural and Thermal Characterization

The effect of citric acid cross-linking on the crystallographic
structure of chitosan was analyzed using X-ray diffraction.
Here, the diffractogram for commercial chitosan (Sigma-Aldrich,
Burlington, MA, USA) and Cs-CA powder is plotted and com-
pared for possible changes in the diffraction peaks and crys-
tallinity. Inherently, chitosan is partially crystalline as determined
by the inter and intramolecular hydrogen bonding between the
amino groups and hydroxyl groups.[37] The cross-linking between
the partially deacetylated glucosamine chains was carried out by
citric acid, as confirmed in the previous section, and its incorpo-
ration within the polymeric structure is assessed here. From the
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Figure 3. a) X-ray diffractogram of chitosan and Cs-CA powder; b) TGA curve for chitosan and Cs-CA powder and derivative thermogravimetric (DTG)
curve of chitosan; c) Modified TGA and DTG curve for Cs-CA powder; d) DSC thermograms of chitosan, Cs-CA powder and chitosan plastic prepared
at 125 °C; e) Storage modulus and loss factor for pure chitosan powder thermomechanical compressed at 125 °C; f) Storage modulus and loss factor
for Cs-CA thermomechanically compressed at 125 °C; g) Storage modulus and loss factor for different type of materials (red circle presents this work)
(details of the materials in the supplementary section, Table S3, Supporting Information); h) comparative plot for storage modulus and loss factor for
the films prepared using different biopolymers (red circle presents this work).

comparative plot, Figure 3a, the partially crystalline structure of
chitosan was confirmed by the presence of two major diffraction
peaks at 2𝜃 ≈ 10° and 2𝜃 ≈ 20°. The peak at 2𝜃 ≈ 10°was assigned
to the hydrated crystals, due to the presence of water molecules
in the lattice while the latter peak at 2𝜃 ≈ 20°was attributed to the
regular crystal lattice structure where chains crystallize in an or-
thorhombic unit cell.[17,38] We also observed a shoulder peak at 2𝜃
≈ 22.5° for the semicrystalline structure of chitosan which is in-
dexed to (120) planes and reported to arise from partially ordered
regions of the polysaccharide chains[39,40] while the amorphous
halo is also observed routinely in the pure chitosan samples.[41]

The d-spacing, which represents the distance between the axial
repeats for hydrated and anhydrous chitosan (Type I), is calcu-
lated to be ≈8.8 Å and agrees with the values obtained in pre-
vious works.[28,42] The crystallinity index (CI) for the pure chi-
tosan was determined using peak deconvolution (area) method
and calculated to be 0.70 which corresponds to ≈80–85% de-
gree of deacetylation(which was determined from the XPS data,
Figure S11, Supporting Information) and has also been reported
in previous findings.[43] The CI obtained was confirmed based on
these previous findings.[43] Upon cross-linking with citric acid,
the diffraction peaks were observed at 2𝜃 ∼ 8.8°, 11.5°, 16.3°,
18.5°, and 23.8°. The observed peaks shifted with broadening in-
dicative of disordered structures due to the modification of the
inter- and intra-hydrogen bonding due to the cross-linking with
citric acid.[36,44] The appearance of new peaks can be attributed

to the formation of partially ordered structures within the cross-
linked chitosan, which has also been reported in the previous
findings.[17,45]

The crystallinity index for the Cs-CA powder was calculated
to be 0.38, which further confirmed the reduced crystallinity of
chitosan based on the incorporation of citric acid. The d-spacing
for the prepared Cs-CA powder was decreased to 7.75 Å in com-
parison to 8.8 Å for pure chitosan indicating the reduced spac-
ing between the chains due to cross-linking.[28] The XRD pat-
terns for the chitosan plastics prepared at 60, 90, and 125 °C
show the amorphous nature of the prepared bulk densematerials
upon thermomechanical compression (Figure S12, Supporting
Information).
The effect of citric acid as a cross-linker and plasticizer and

the changes in the thermal property of chitosan upon citric
acid incorporation was assessed using thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) measure-
ments. From the thermogravimetric analysis (inset of Figure 3b),
the water content in the Cs-CA powder was 13.8 wt.% which was
significantly higher in comparison to that observed for chitosan
powder (7.8 wt.%). From the curve, the weight loss for the chi-
tosan powder without citric acid commenced at≈250 °C, ascribed
to the decomposition of the crystallized structure with the max-
imum weight loss centered at 300 °C.[46] For the citric acid con-
taining samples, Cs-CA powder, the physical and covalent cross-
linking between carboxylic and amine groups, as confirmed in
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the previous section, was expected to reduce the crystallinity of
chitosan.
The derivative thermogravimetric (DTG) curve (Figure 3b) for

chitosan showed two peaks at ≈63.5 and 314 °C, correspond-
ing to water loss and chitosan degradation, respectively.[35] In
case of Cs-CA powder, the maximum weight loss peak for chi-
tosan shifted toward higher temperature (≈345 °C) which indi-
cated improved thermal stability with incorporated citric acid.
The introduction of cross-linker, citric acid, led to interconnected
networks of chains leading to delay in the thermal degradation
temperature.[47] In the DTG curve for dialyzed Cs-CA (Figure 3c),
peaks corresponding to citric acid and chitosan degradation were
observed at 243 and 345 °C, respectively, and therefore the TGA
analysis procedurewasmodified to estimate themolar ratio of cit-
ric acid with chitosan in Cs-CA powder. In the modified method,
the sample was heated to 250 °C and kept in the isothermal
condition until the citric acid was completely degraded followed
by complete degradation of chitosan. The weight difference was
used to calculate themolar content of citric acid and chitosan and
molar ratio was estimated to be≈300moles of citric acid permole
of chitosan. Furthermore, the effect of citric acid as a plasticizer
on chitosan was analyzed using DSC by investigating the glass
transition temperature (Tg). The thermogram, Figure 3d, for chi-
tosan powder exhibited an endothermic peak at ≈124 °C which
was missing in the thermogram obtained for second heating and
therefore was ascribed to the evaporation of moisture in the chi-
tosan powder and referred as the water associated glass transi-
tion temperature (Tg’).

[48] In the cross-linked Cs-CA samples, the
thermogram for the first heating showed the water associated en-
dotherm peak centered ≈100 °C which confirmed the reduced
glass transition temperature, Tg’. However, there was an onset of
another peak at ≈200 °C for the Cs-CA powder which was also
observed in the second heating. A similar trend was observed for
the Cs-CA samples thermomechanically compressed at 125 °C
where the water associated peak disappeared due to the evapora-
tion of the water during processing. There is a minor deflection
observed at≈125 °C for the prepared chitosan plastics,marked by
an arrow in Figure 3d which is explored in the next section. The
second endotherm peak for Cs-CA powder and prepared plastic
was found at ≈200 °C, which could be due to the shifted melt-
ing point peak of citric acid. However, the melting point of cit-
ric acid occurred at ≈153 °C, which could be shifted to higher
temperatures due to the cross-linking with chitosan.[17] The peak
at ≈200 °C can also be ascribed to the glass transition tempera-
ture for the citric acid cross-linked chitosan which is assumed to
partially amorphous due to the cross-linking.[49] The phase tran-
sition and material properties of the prepared chitosan plastics
was detected using dynamic mechanical analysis, DMA.[50] In
the present work, DMA was carried out in the 3-point bending
mode to comprehend the viscoelastic and glass transition tem-
perature (Tg) for chitosan plastics. The storage modulus, E’, rep-
resents the elasticity of thematerial and exhibits the temperature-
dependent behavior when the material transitions from glassy to
the viscous/liquid state. In addition to storage modulus, the loss
factor/ damping factor of the samples, tan 𝛿, was also assessed
and is defined as the ratio of the amount of energy dissipated
by viscous mechanisms relative to the energy stored by the elas-
tic component. For the control samples, pure chitosan powder
was thermomechanically compressed at 125 °C and the prepared

bar was analyzed for its viscoelastic properties. For pure chitosan
bars, Figure 3e, the storage modulus was as high as 3 GPa at
lower temperature and gradually decreased with increasing tem-
perature, followed by a plateau until 200 °C, while the damping
factor, which dictates the glass transition temperature, indicated
a peak at ≈80 °C which can be attributed to the 𝛽-relaxation from
the movement of the local side chains on the chitosan.[51,52] Ordi-
narily, 𝛽 relaxation peaks exhibit strong dependency on the water
content of the sample and arise due to water absorption from the
polymer matrix, therefore, for the present work, the water con-
tent of the prepared chitosan bars was estimated to be ≈8 wt.%
using TGA (Figure S13, Supporting Information). The absorbed
water hydrogen bonds to hydroxyl and amine groups along the
polymer chain and takes part in the localized motion within the
polymeric chains, which giving rise to the 𝛽 relaxation. The other
tan 𝛿 peak was observed at ≈160 °C which can be ascribed to
the 𝛼 relaxation or glass transition due to the motion of seg-
ments in the main chain arising from the relaxation of two glu-
copyranose rings via the glucosidic oxygen and assisted by co-
operative hydrogen bonds reordering.[53] In case of the chitosan
plastic made from Cs-CA powder prepared at 125 °C, Figure 3f,
the storage modulus increased to 6 GPa, in comparison to chi-
tosan plastic made from pure chitosan powder, which indicates
the increased stiffness of the plastic due to limited chain mobil-
ity due to cross-linking with citric acid. A similar trend was ob-
served for other polymers with increased hardness due to cross-
linking.[54–57] Further, the transition region from glassy to liquid
state was marked with sharp decline in E’ and high damping due
to micro-Brownian motion in molecular chains. In the case of
the glass transition, the water associated relaxation peak was ab-
sent in the chitosan plastic due to absence of significant water
content in the plastic as confirmed by TGA (Figure S13, Support-
ing Information). However, the loss factor (tan 𝛿) peak at 120 °C
was due to the primary relaxation and defined as the glass tran-
sition temperature which also coincides with the peak observed
in the DSC thermogram obtained for Cs-CA plastic, Figure 3d.
The reduced Tg and increased loss factor in comparison to pure
chitosan plastic was attributed to the plasticization effect of cit-
ric acid on chitosan which allows free movement and increased
free volume.[58] However, the loss factor was 0.06 (<1) which in-
dicates that the prepared chitosan plastic was predominately elas-
tic. Therefore, from the data, we conclude that citric acidmodified
the thermal andmechanical properties of the chitosan as a plasti-
cizer and cross-linker.[59] The viscoelastic parameters using DMA
of the prepared chitosan plastics was further used for comparison
with the existing material forms such as metals, thermoplastics
and rubber (Figure 3g).[59–68] The prepared plastic can be catego-
rized as a thermoplastic based on its stiffness and damping factor.
Further Figure 3h shows the plastics prepared from Cs-CA plot-
ted with the materials prepared with other biopolymers.[17,69–73]

The low loss factor confirmed its superior elasticity in compari-
son to the films made with the other polymers.

2.4. Tunable Mechanical Properties and Water Uptake

Three-point bendingwas used to determine themechanical prop-
erties of the bulk chitosan materials with increasing processing
temperatures. The chitosan plastics were prepared as cuboid bars
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Figure 4. Mechanical properties and aqueous stability based on processing conditions. a) Three-point bending curves for chitosan bars prepared at
different temperatures; b) flexural strength and elastic modulus of the chitosan bars prepared at different temperatures; c) comparison of themechanical
properties of the bulk chitosan materials with other natural and synthetic structural materials; d) Fickian diffusion plot fit for the water uptake study for
chitosan plastic (schematic shows the cross-linked chitosan plastic in 1X PBS solution); e) comparison plot for increase in thickness of the chitosan
plastics based on processing temperature (* p<= 0.05,** p<= 0.01,*** p<= 0.001); f) photograph of chitosan plastics in vitro degradation by lysozyme
solution; g) degradation plot for chitosan plastics upon lysozyme treatment; h) antimicrobial activity of tetracycline - no inhibition zone for chitosan
plastic, and a clear zone of inhibition formed around the antibiotics containing chitosan materials on the bacteria lawn of Gram positive Bacillus pasteurii
(left to right); i) schematic for biofunctionalization of chitosan plastic by incorporating protease in chitosan plastic; j) comparative plot for the protease
activity profile - I: free protease, and II: protease doped chitosan plastic; RT: room temperature k) live/dead assay of human MSCs for chitosan plastics
and control (tissue culture plastic) - scale: 100 μm; l) MTT assay of human MSCs for chitosan plastics and control.

(l = 29 mm, b = 5 mm, and h = 0.8 mm) and were placed on two
supports and deformed by a centrally positioned load at constant
displacement rate of 2 mm min−1. Figure 4a shows the flexu-
ral stress versus strain plot for bars prepared at 60, 90, and 125
°C. The plots were used to determine the flexural strength and
flexural modulus of the prepared plastics; flexural strength is the
maximum load the material withstands before it is permanently
deformed while flexural modulus indicates resistance to bend-
ing or deformation.[74] For the present study, bending strength
increased with increased processing temperature, and a similar
trend was also seen for flexural modulus (Figure 4b). Since the
strength and resistance to deformation for a material are signif-
icantly impacted by atomic packing, the density of the chitosan
bulk material increased up to 33% when the processing temper-
ature increased from 60 to 125 °C (Figure S14, Supporting In-
formation). The denser plastic hints at the compact packing of
the material with increasing temperature which is also demon-
strated with the SEM micrographs in Figure 2i–k, where cross
sections of the chitosan plastics prepared at 125 °C contained
homogeneous features and compact structures in comparison
to the samples prepared at 60 °C. Further, we observed a sig-
nificant darkening in color for the plastics prepared at 125 °C
(Figure 2d–f) indicating the increased cross-linking andMaillard-

like reactions between amino groups of chitosan and carboxylic
groups of the citric acid as confirmed by spectroscopic examina-
tion in the previous section.[15] The enhanced networks between
polymeric chains resulted in a tough (higher flexural strength)
and more resistant to bending (high flexural modulus) material.
The specific strength and stiffness of the chitosan bulk materials
processed at 125 °C is plotted and compared with those of exist-
ing natural and synthetic polymers (Figure 4c).[75,76] The maxi-
mum strength for chitosan bulk material is comparable to other
materials.[76] The effect of processing pressure on the flexural
strength and flexural modulus of the plastics was also assessed
and shown in the supplementary section (Figure S15, Supporting
Information).
The effect of processing conditions on in vitro water uptake

and/or water stability of the chitosan bulk materials was deter-
mined using chitosan plastics prepared with different processing
conditions (60 and 125 °C – both at 632MPa). The chitosan plas-
tics were incubated in 1X PBS solution at 37 °C and the increase
in weight and dimensions were monitored over time.
The water uptake by the chitosan plastics and the increase in

weight was fitted with the Power-lawmodel.[77] The fitted curve is
shown in the supplementary information, Figure S16 (Support-
ing Information). The diffusion exponent indicated the transport
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mechanism of water in the plastic was calculated to be 0.45 and
0.5 for the chitosan plastics prepared at 60 and 125 °C, respec-
tively. The values for the diffusion coefficient suggest the Fick-
ian diffusion for water uptake. The effective diffusion coefficient
(Deff) for the chitosan plastics was measured using Fick’s second
law applied to the short-time water uptake data. The Fickian dif-
fusion plot (Figure 4d) for the chitosan plastic prepared at 125 °C
showed a diffusion coefficient of 1.4 × 10−10 m2 s−1 in compar-
ison to the diffusion coefficient value of 2.2 × 10−10 m2 s−1 for
the plastic prepared at 60 °C (Figure S16, Supporting Informa-
tion). The observed lower effective diffusion coefficient for the
chitosan plastic prepared at 125 °C indicates structural restric-
tion of water movement due to the increase in the cross-linking
at the higher processing temperature (as confirmed by XPS and
FTIR).
In a similar manner, the thickness of the plastics was also

measured during incubation with 1X PBS solution at 37 °C
(Figure 4e). The increased thickness followed a similar trend as
that of water uptake where the thickness increased to ≈60% for
plastics prepared 60 °C in comparison to ≈30% for plastics pro-
cessed at the higher temperatures (90 and 125 °C). The water up-
take and thickness increases were used to determine the porosity
of the chitosan bulk materials when processed at different tem-
peratures. The chitosan plastics in the form of pellets, processed
at 60, 90, and 125 °C, were incubated in 1X PBS solution and the
volume of wet and dry chitosan plastics was calculated to esti-
mate porosity. The samples thermomechanically compressed at
lower temperature, i. e., at 60 °C, were more porous (Φ = 0.67)
in comparison to a porosity of ≈0.4 for samples processed at 90
and 125 °C.

2.5. In Vitro Degradability and Bio-Functionalization of Chitosan
Bulk Materials

Chitosan, as a polysaccharide, is susceptible to degradation when
treated with lysozyme which targets the beta-glycosidic linkage
between monosaccharides.[78] The in vitro degradability of the
chitosan plastics was assessed with lysozyme (Figure 4f) that re-
sulted in the gradual dissolution of the plastics. The mass loss
for the plastics is plotted with respect to time when treated with
5% and 10%, w/v lysozyme solution (Figure 4g). Degradation for
25 days revealed up to 100% mass loss for the chitosan-plastics
(≈80 mg) incubated in 10%, w/v lysozyme solution, while for the
chitosan-plastics in 5% w/v lysozyme solution, ≈50% mass loss
occurred. The enzyme solution was replenished every 3rd day for
10% and 5% w/v lysozyme solution. Previous studies on the in
vitro degradability of chitosan-based materials such as hydrogels
and films with lysozyme have shown a higher rate and extent of
degradation in comparison to that for these new thermoplastics
(present work).[79–81] Additional details are provided in the sup-
plementary information (Tables S4 and S5, Supporting Informa-
tion). The increased resistance to enzymatic degradation can be
attributed to the denser matrix achieved via thermoplastic mold-
ing in comparison to cast films or hydrogels.[82] The chitosan
plastics were also doped with lysozyme and monitored for the
possible mass degradation by the encapsulated lysozyme which
was assessed through mass loss and SEM micrographs (Figures
S17–S19, Supporting Information).

To further explore bio-functionalization of the chitosan plas-
tics, they were doped with an antibiotic, tetracycline hydrochlo-
ride, to fabricate antimicrobial Cs-CA plastics. The tetracycline
powder was mixed with Cs-CA powder in weight:weight ratios of
1:10, 1:100, and 1:500 (tetracycline hydrochloride: Cs-CA powder)
and thermomechanically compressed at 125 °C at 632 MPa. The
chitosan-tetracycline plastics were assessed for antibacterial ac-
tivity against Gram positive Bacillus pasteurii. The chitosan plas-
tics (controls without antibiotic) did not show growth inhibition
of the bacteria (Figure 4h) as no inhibition zone was observed
when the plastics were placed on the bacterial lawn. However, for
the tetracycline doped chitosan plastics, a zone of inhibition was
observed (Figure 4h, left to right). The presence of this inhibition
zone confirmed the preservation of the antibiotic activity during
the thermomechanical compression at 125 °C. Further, the reten-
tion of the activity of biomolecules, incorporated inside the bulk
chitosan plastics, was assessed by doping the chitosan-plastics
with protease XIV powder and investigating enzyme activity
when processed at different temperatures (Figure 4i). The com-
parative plot, Figure 4j, demonstrates the residual protease activ-
ity released from the chitosan plastics into the PBS solution. The
protease-doped chitosan plastics were thermomechanically com-
pressed at 632MPa at 60 °C and 125 °C for 20min and incubated
in 1X PBS solution to evaluate enzyme release from the plastics.
Residual enzyme release was 62% and 20% (total enzyme activ-
ity estimated for the released protease/ total enzyme activity es-
timated for the incorporated protease) for the plastics prepared
at 60 and 125 °C, respectively. The chitosan plastics fabricated
at 60 °C exhibited a mechanical strength of ≈90 MPa, compared
to 125 MPa for those processed at 125 °C, Figure 4a. For appli-
cations involving biomolecule incorporation, plastics prepared
at 60 °C provide sufficient mechanical robustness to withstand
potential operational stresses. Furthermore, protease-doped chi-
tosan plastics thermomechanically compressed at room temper-
ature under 632 MPa pressure showed no measurable loss of en-
zymatic activity. To further evaluate their stability, these room-
temperature-processed plastics were incubated in a humidity
chamber (80% relative humidity) for two weeks. The samples
exhibited no significant changes in either dimensions or weight
during this period, confirming their structural stability. Overall,
room-temperature-processed chitosan plastics demonstrate ex-
cellent enzyme retention, structural stability under high humid-
ity, and suitability for applications requiring long-term storage
under less stressful environmental conditions, Table S6 (Sup-
porting Information). The release profile of the protease-doped
chitosan plastics was compared with that of pure protease XIV
powder, both processed under the same pressure and temper-
ature conditions. For the pure protease XIV powder, there is a
retention of 60% w/w and 17% w/w enzyme activity when pro-
cessed at 60 and 125 °Cwhich aligns with the profile observed for
protease-doped chitosan plastics. The results confirm the prepa-
ration of bioactive chitosan bulk materials with tunable activity.
The controls, consisting of chitosan plastics without enzyme and
chitosan plastics doped with inactivated protease (via autoclav-
ing the protease solution) were also incubated in the PBS so-
lution and demonstrated no protease activity. The cytocompat-
ibility of the chitosan plastics was evaluated with human mes-
enchymal stem cells (MSCs) (Figure 4k), where live/dead imag-
ing demonstrated optimum cell viability with fluorescent cells.
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Figure 5. Chitosan plastics as the bacteria containing living materials. a,b) Bacteria viability for E. coli and S. aureus when incubated with pre and post
dialysis Cs-CA solution; c) schematic for the preparation of chitosan-putida plastic; d) SEM micrograph of P. putida cells, created with Biorender.com;
e) SEM micrograph of chitosan plastic; f,g) SEM micrograph of chitosan-putida plastic showing the bacteria (identified with the orange color); h)
schematic of phenol degradation by the encapsulated P. putida cells in the chitosan plastic: chitosan-putida plastic was incubated in an MM with phenol
as carbon source (mechanism of phenol degradation: (I) phenol conversion into catechol, (II) catechol undergoing metabolic pathways to produce the
metabolites entering the TCA cycle, (III) the bacterial biomass and CO2 synthesis from the intermediates of TCA cycle) (created with Biorender.com); i)
Bacterial cell density (CFU/mL) and phenol removal (%) are shown as a function of time for the chitosan-putida plastic and an equivalent free bacteria
concentration as control; j) phenol removal (%) as a function of time for 1:4 and 1:8, phenol: bacteria weight in the chitosan plastic ratio.

The cell viability assay, Figure 4l, with the 24-h extracts from the
thermomechanically compressed chitosan plastics demonstrated
enhanced cell proliferation and cell metabolic activity, with cyto-
compatibility close to 100% (compared to monolayer controls).
The AlamarBlue results are provided in Figure S20 (Supporting
Information).

2.6. Chitosan Plastics as Living Materials for the Bioremediation
of Phenol

Chitosan-based materials ordinarily find their applications as an-
timicrobial agents due to cationic amine groups which bind to
cell surfaces and inhibit microbial growth.[3] However, in the
present study, the chitosan plastics demonstrated no significant
antibacterial activity (Figure 4h), confirmed by the absence of
zone of inhibition when placed on a lawn of B. pasteurii bacteria.
The lack of antibacterial activity suggests the absence of cationic
amine groups, NH3

+, in the chitosan plastics. To understand the
role of NH3

+ groups in the antimicrobial activity of chitosan, we
tested the viability of Gram positive and Gram negative bacteria
when incubated with the Cs-CA solution pre- and post-dialysis
(when the excess citric acid is removed and the charge density is
reduced as confirmed by the zeta potential study, Table S1, Sup-

porting Information). The viability of Gram positive S. aureus,
detected using AlamarBlue, was presented in Figure 5a, where
high bacterial viability was found for the samples incubated with
dialyzed Cs-CA solution in comparison to the low bacteria viabil-
ity when incubated in the pre-dialysis Cs-CA solution. The same
trend was observed for Gram negative E. coli (Figure 5b), where
bacterial viability was significantly higher for samples incubated
with the dialyzed Cs-CA solution. The findings confirmed the
absence of antibacterial activity in the dialyzed Cs-CA solution,
which can be used to prepare bacterial embedded chitosan bulk
materials for a range of potential utilities.
To explore the functionality of chitosan-based living materi-

als in degrading toxins, the bacteria-doped chitosan plastics were
prepared with lyophilized P. putida cells mixed with the Cs-CA
powder and thermomechanically compressed at 60 °C, yielding
the chitosan-putida plastics (Figure 5c). The packing of bacteria
inside the plastics was assessed using SEM where the cross sec-
tion of the chitosan-putida material was imaged and compared
with chitosan plastics without bacteria as controls. Controls of
P. putida cells without chitosan, were also imaged using SEM
(Figure 5d), and indicated the cells were rod shaped ≈0.5 to 1 μm
in length and used as a reference while imaging the bacteria in-
side the plastics. The control chitosan plastic with no encapsu-
lated bacteria is shown in Figure 5e, while the bacteria-containing
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chitosan plastics are shown in Figure 5f,g and demonstrate bac-
teria cells embedded within the chitosan bulk materials. The
SEM images revealed the cells had the same features as the con-
trol (Figure 5d). Furthermore, the viability of the cells embed-
ded within the chitosan plastic was estimated using AlamarBlue
(Figure S21, Supporting Information), which showed the cells to
be 100% viable after thermomechanical processing.
For phenol degradation, the bacteria-containing chitosan plas-

tics were incubated in minimal medium (MM) containing salts
with phenol as the carbon source (Figure 5h). The phenol is
metabolized by the cells to catechol which is further metabo-
lized to produce substrates that enter the tricarboxylic acid (TCA)
cycle.[83,84] The cells metabolize environmentally hazardous phe-
nol into biomass and CO2. For the present work, the degradation
of phenol into biomass was monitored by recording cell density
(CFU/ml) and phenol concentration of the medium with time.
For a phenol concentration of 500mg L−1, the phenol removal ca-
pability of chitosan-putida plastic was compared to free P. putida
cells as the control (Figure 5i). Phenol degradation by cells encap-
sulated in the chitosan plastics initiates after≈96 h of incubation,
in comparison to 24 h for free cells. This delay can be ascribed
to the longer adaptation period for the cells in the plastic, as a
similar trend was followed by the cell density plot hinting at an
extended lag phase. The increase in the cell density with phenol
degradation indicates the growth of bacteria metabolizing phe-
nol. To rule out the consumption of chitosan by the cells as a car-
bon source for growth, we incubated P. putida cells in the mini-
mal media supplemented with phenol (100 mg L−1) and chitosan
plastics (50 mg). The increase in the cell density was estimated
using a plate count method and no increase in the cell number
was recorded for the cells incubated with the chitosan plastic,
confirming the cells were only using phenol for growth. Previous
studies on the degradation of phenol by P. putida reported phe-
nol removal to be a factor of inoculum size.[85] We attempted to
decrease the lag phase for the chitosan-putida plastic by doubling
the inoculum size in the plastic from 10 to 20 mg of lyophilized
P. putida cell powder that corresponds to 1:8 (w/w), phenol to
inoculum weight ratio. The comparative plot, Figure 5j, shows
faster degradation of phenol with an adaptation period of ≈24 h
and complete removal of phenol within 196 h for the chitosan-
putida plastics. A similar trend was also observed when the ini-
tial phenol concentration was decreased to 100 mg L−1 instead of
500 mg L−1, which resulted in a decreased adaptation period for
the chitosan-putida plastics and faster removal of phenol (Figures
S22 and S23, Supporting Information). The effect of processing
temperature on the bacteria release was also studied and shown
in Figure S24 (Supporting Information). The reusability of the
chitosan-putida plastics was assessed by extensively rinsing the
chitosan-putida plastics in deionized (DI) water and incubating
them in the same initial concentration of phenol for a second
round of degradation.Here, the phenol was completely degraded,
and the degradation time decreased from 96 to 24 h (Figure S25,
Supporting Information).

3. Conclusion

A solid-state processing approach for preparing chitosan into
chitosan-based bulk, plastic-like materials was demonstrated. In
this process, chitosan is solubilized with citric acid, which serves

as both a cross-linker and plasticizer, facilitating packing of chi-
tosan into bulk plastics with tailored chemical and physical prop-
erties through thermoplastic molding. The thermally processed
chitosan plastics exhibited tunable structural and mechanical
properties with compatibility with bioactive molecules and living
cells (human mesenchymal stem cells and bacterial cells). Fur-
thermore, compatibility with bacterial cells enabled the genera-
tion of bacteria-laden chitosan-based living plastics through the
encapsulation of Pseudomonas putida, known as a phenol degrad-
ing organism. The resulting chitosan-putida plastics degraded
phenol into bacterial biomass, confirming potential for pollutant
removal applications using these sustainable chitosan-like plas-
tics. The ease and versatility of thermoplastic processing of these
chitosan-based plastics suggests a new generation of functional
biomaterials with broad biotechnological applications, as well as
a new sustainable approach to functional plastics.

4. Experimental Section
Preparation of Citric Acid Cross-Linked Chitosan (Cs-CA): Cross-linking

was carried out by dissolving 2.5% w/v chitosan (medium molecular
weight, 19–30 kDa Mw, Sigma-Aldrich, Burlington, MA, USA) in 0.15 m
citric acid (Sigma-Aldrich, Burlington, MA, USA) in de-ionized (DI) wa-
ter by stirring overnight at 80 °C. The prepared Cs-CA solution was fil-
tered through a 70 μm pore size cell strainer (Thermo Fisher Scientific,
Waltham, MA, USA) to remove undissolved chitosan particles and subse-
quently dialyzed for 4 to 5 days in distilled water using dialysis membranes
with a membrane molecular weight cut-off of 3.5 kDa. Dialysis continued
until no citric acid residue was detected via electrospray ionization mass
spectrometry, ESI-MS (Finnigan LTQ, a linear ion trap with ESI, Thermo
Fisher Scientific, Waltham, MA, USA). After dialysis, the membrane con-
tents were sonicated in an ultrasonic bath for 2 h to homogenize the Cs-
CA gel suspension (optional). The solution was then flash frozen using
liquid nitrogen and lyophilized in a freeze dryer (Labconco Corporation,
Kansas City, MO, USA)at −80 °C and 600 Pa until complete sublimation.
The powder obtained in this process was stored in airtight containers until
used for further processing. For the confirmation of citric acid linking to
chitosan, a positive control was prepared where citric acid was covalently
attached to the chitosan backbone using a covalent coupling agent, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC). For the
coupling, 2.5 g of chitosan was mixed with 4.0 g of citric acid in 50 mL of
DI water followed by drop-wise addition of 50 mL of DI water and ethanol
(1:1) containing 4.0 g of EDC (Sigma-Aldrich, Burlington, MA, USA). The
reaction solution was stirred overnight at room temperature with the pH
maintained at 5.0, followed by dialysis for 3 to 4 days in distilled water
with a membrane molecular weight cut-off of 3.5 kDa. For the negative
control, Cs-AA, the chitosan (2.5% w/v) was dissolved in acetic acid (1%
v/v) (Sigma-Aldrich, Burlington, MA, USA), dialyzed for 4 to 5 days in dis-
tilled water using dialysis membranes with a membrane molecular weight
cut-off of 3.5 kDa. Dialysis continued and pH of the solution was assessed
using pHmeter (Fischer Scientific, Waltham, MA, USA) until pH of the so-
lution reached 5 to 6. After dialysis, the solution in themembrane was then
flash frozen using liquid nitrogen and lyophilized. The obtained powder
was used as negative control for the material characterization.

Thermomechanical Compression of Chitosan: The Cs-CA powder was
packed into predesigned molds, followed by compression at 632MPa at
different temperatures (60, 90, and 125 °C) using a hot press (YLJ-HP88V-
250, Tmax Battery Equipments, Xiamen, Fujian, China) for 20min to as-
sess processing windows. After the thermomechanical compression, the
samples were cooled to room temperature and characterized.

Scanning Electron Microscopy (SEM): Material morphology was char-
acterized by SEM (Zeiss Ultra 55 field-emission scanning electron micro-
scope (FE-SEM), Zeiss Gemini 560 FE-SEM, Jena, Germany). The SEM
images were collected with a voltage of 10 kV, and the samples were
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sputter-coated with a 5 nm thin layer of Pt/Pd. For the lyophilized Cs-CA,
the powder was imaged, as was the cross section of the plastics com-
pressed at the different temperatures (60, 90, and 125 °C). The cross sec-
tion was obtained by cutting the plastics using a.024 Deep Cut Ball End
Mill with 200″ cut length. For the bacteria-containing plastics and the free
bacteria controls, the samples were washed with DI water 2 to 3 times
and then fixed with 2% v/v glutaraldehyde (EMS Electron Microscopy Sci-
ences, Hatfield, PA, USA) in 0.1 m sodium cacodylate buffer pH 7.4 (Elec-
tron Microscopy Sciences, Hatfield, PA, USA) for 2 to 3 h. Post fixation,
the samples were washed with 0.1 m sodium cacodylate buffer and dehy-
drated using an ethanol gradient (50%, 70%, 95%, and 100% ethanol).
The dehydrated samples were dried using a step gradient of hexamethyl-
disilazane (HMDS) (Electron microscopy sciences, Hatfield, PA, USA) in
100% ethanol. For bacteria samples, the samples were sputter coated with
a 10 nm thin layer of Pt/Pd to avoid charging and the SEM images were
collected with a voltage of 10 kV.

Nuclear Magnetic Resonance Spectroscopy (NMR): The cross-linking
of citric acid to chitosan chains was probed using solid-state 13C NMR
(Bruker Avance III HD 600 MHz spectrometer, Bruker BioSpin GmBH,
Germany). The analysis was carried out at 1H and 13C frequencies of
600.13 and 150.90 MHz, respectively, in a 4.0 mm cross-polarization and
magic angle spinning (CP/MAS) broadband-observe probe. 13C CP/MAS
experiments with high-power 1H decoupling were conducted. Recycle
delay, contact time, decoupling field, and spinning speed were 3 s,
1 ms, 69 kHz, and 8 kHz, respectively. Spectra were obtained for chi-
tosan powder, citric acid, lyophilized Cs-CA, and thermomechanical com-
pressed Cs-CA. For the thermomechanical compressed Cs-CA samples,
the plastics were frozen and milled using BioPulverizer (BioSpec prod-
ucts, Bartlesville, OK, USA) into powder for analysis. The positive con-
trol, where citric acid was covalently coupled to chitosan using EDC, was
also prepared and compared with the other samples to confirm covalent
cross-linking between chitosan chains and citric acid. NMR spectra were
processed with TopSpin 3.5 pl 6 software and chemical shifts in parts per
million (ppm) are reported.

X-Ray Photoelectron Spectroscopy (XPS): The extent of covalent and
ionic cross-linking between citric acid and chitosan chains was analyzed
using XPS using an XRA-008, Thermo Scientific K-Alpha+ XPS, Waltham,
MA, USA, with a monochromatic Al K𝛼 X-ray source operating at 12.5 kV
and 16 mA. The high-resolution scans for carbon and nitrogen atoms, C1s
andN1s, were obtained and compared for lyophilized Cs-CA (positive con-
trol), Cs-AA (negative control) and the obtained chitosan plastics to iden-
tify the functional groups and analyze the presence of amide bonds. The
data were analyzed using Origin pro software and deconvolution was car-
ried out using a secondary derivative method with Voigt model selected to
improve the resolution and identification of the overlapping spectra peaks.

Fourier Transform Infra-red Spectroscopy (FTIR): FTIR was carried out
on a JASCOFTIR 6200 spectrometer (FT/IR-6200, JASCO, Japan) equipped
with a MIRacle attenuated total reflectance Ge crystal cell in absorbance
mode. For each measurement, the spectrum was recorded with 64 scans
and a resolution of 4.0 cm−1. Multiple spectra (n>= 3) were collected
for Cs-CA powder (positive control), Cs-AA (negative control), and chi-
tosan plastics. For each experimental condition,multiple samples (n>= 3)
were prepared and characterized. The data were analyzed using Origin pro
software and deconvolution was carried out using a secondary derivative
method with Gaussianmodel selected to improve the resolution and iden-
tification of the overlapping spectra peaks.

Primary Amine Group Estimation: 2,4,6-Trinitrobenzenesulfonic
(TNBSA) assay was used to quantify the primary amine content of the
samples. A 0.5 mg mL−1 solution of CsCA powder, positive control and
negative control (Cs-AA) in 1% v/v acetic acid, was mixed with 0.05% w/v
TNBSA solution in 0.2 m NaHCO3 buffer (pH 8.5) at 1:1 volume ratio,
incubated at 37 °C for 2 h and its absorption at 420 nmwasmeasured (n=
5) using SpectraMax M2 multimode microplate reader. The calibration
curve was prepared with known concentrations of 𝛽-alanine standard
solutions.

Wide Angle X-Ray Diffraction (WAXS): The structural characteriza-
tion of commercial chitosan powder (medium molecular weight, Sigma-
Aldrich, Burlington, MA, USA) and Cs-CA powder was assessed by X-ray

diffraction. The data were obtained using a Philips PW 1830 X-ray genera-
tor (Panalytical, Almelo, Netherlands). The system provided nickel filtered
Cu K𝛼 radiation of wavelength, 𝜆= 0.154 nm, operated at 30 kV and 55mA
at room temperature, with a diffracted beam graphite monochromator.
Samples were mounted on Al sample holders and scans were obtained in
𝜃/2𝜃 reflection mode. WAXS intensity plots were recorded at a step scan
interval of 0.02°/step with a dwell time of 2 s/step. The scattering angle,
2𝜃, varied from 5°–40°.

Thermal Analysis: The thermal degradation of Cs-CA powder wasmea-
sured by thermogravimetric analysis, TGA, from 25 to 800 °C in N2
(99.99%) with a scanning speed of 5 °Cmin−1. The TGAwas carried out on
Discovery TGA 550 (TA Instruments, New Castle, Delaware, USA) where
samples were kept under N2 in the furnace to reach a stable weight prior to
heating. Differential scanning calorimetry, DSC, measurements were car-
ried out onDiscovery DSC 250 (TA Instruments) under a dry N2 gas flow of
50mLmin−1 with samples encapsulated in aluminum pans. The samples
were heated from -50 to 200 °C at a heating rate of 10 °Cmin−1. Chitosan
powder was run as a control for TGA and DSC for comparison.

Dynamic Mechanical Analysis (DMA): The viscoelastic properties of
the chitosan plastics (prepared at 125 °C) were measured with a DMA-
1 (Mettler Toledo Instruments, Columbus, Ohio, USA) in 3 point bend-
ing mode. The samples were prepared in the shape of cuboid bars with
a length of ≈29 mm, a width of ≈5mm and a thickness of ≈1mm. DMA
analysis was carried out with temperature sweeping from 30 to 200 °C,
under the following conditions: heating ramp, 3 °C min−1; initial strain,
0.01%; preload force, 0.3 N; and frequency, 1 Hz. The commercial chi-
tosan powder thermomechanically compressed at 125 °C at 632 MPa was
used a control for the DMA study.

Mechanical Properties: Three-point bending tests were carried out on
an Instron 3366 machine (Instron, USA) in flexural test mode with a load-
ing rate of 1mmmin−1. The specimens were prepared at 60, 90, and 125
°C in the shape of cuboid bars with a length of ≈29 mm, a width of ≈5mm
and a thickness of≈1mm. Three samples were evaluated at room temper-
ature for each condition.

Water Uptake: The chitosan plastics (in the shape of discs with a thick-
ness of 1 mm and diameter of 10 mm) were placed 1X PBS solution
(Gibco, Fischer Scientific, Waltham, MA, USA) and incubated at 37 °C in
an incubator (Thermo Fischer Scientific, Waltham, MA, USA) for various
times (0, 60min, 3 h, 12 h, 24 h, 15 days, 30 days) and the change in weight,
thickness, and diameter were assessed for swelling. Surface moisture was
removed from the samples by wiping with a Kimwipe (Kimberly-Clark), the
wet weight of the sample was determined (Ws) and the thickness and di-
ameters were measured. The water uptake (%) was calculated as follows:

%Water uptake =
( Wet sample weight − dry sample weight )

(dry sample weight)
∗ 100 (1)

In Vitro Degradability: Chitosan plastics were incubated in 2 mL of 5
and 10 mg mL−1 of lysozyme (ThermoScientific, Thermo Fisher Scientific,
Waltham, MA, USA) solution in PBS at 37 °C to assess enzymatic degra-
dation. The lysozyme solution was replenished every 2–3 days. At the des-
ignated time points, the samples were rinsed in deionized water and dried
to constant weight before weighing. The Cs-CA powder was doped with
lysozyme powder in the weight ratio of 1:1, 1:2, and 1:3 (lysozyme: Cs-
CA) and thermomechanically compressed at 125 °C to prepare lysozyme
doped plastics. The obtained plastics were incubated inPBS solution at 37
°C to assess their possible degradation.

Antibiotic-Doped Chitosan: Tetracycline hydrochloride (EMD chemi-
cals, Inc. SanDiego, CA, USA)was added to the Cs-CA powder in weight ra-
tios of 1:500, 1:100, and 1:10 (tetracycline hydrochloride:Cs-CA) andmixed
thoroughly. The resulting mixture was thermomechanically compressed
at 125 °C at 632 MPa to obtain the antibiotic doped chitosan plastics.
The antibacterial activity of the plastics was assessed for Bacillus pasteurii
(American Type Culture Collection, ATCC, USA) which was grown on the
growth media agar plates containing 2% w/v agar (Thermo Fisher Scien-
tific, Waltham, MA, USA), 20 g L−1 yeast extract (Sigma-Aldrich, Burling-
ton, MA, USA), 10 g L−1 ammonium sulfate (Thermo Fisher Scientific,
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Waltham, MA, USA) in 0.13 m tris buffer (pH: 9) (Thermo Fisher Scien-
tific, Waltham, MA, USA).

Protease-Doped Chitosan: Commercial protease powder (Protease
from Streptomyces griseus type XIV, Sigma-Aldrich, Burlington, MA, USA)
was added to the Cs-CA powder in the ratio of 1:10, w:w (protease XIV:
Cs-CA) and mixed thoroughly. The mixture was thermomechanically com-
pressed at 60 and 125 °C at 632 MPa to prepare protease-doped chitosan
plastics. The plastics were incubated in PBS solution at room tempera-
ture and the protease release in the solution was assessed by estimat-
ing the protease activity over time. Protease activity was estimated using
the Pierce protease assay (, ThermoScientific, Thermo Fisher Scientific,
Waltham, MA, USA). The free protease powder was also processed under
similar conditions (60 and 125 °C at 632 MPa) and assessed for enzyme
activity.

Cytocompatibility: Human Mesenchymal stem cells (ATCC, USA)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
USA) supplemented with 10% Fetal Bovine Serum (FBS, Gibco, USA),
1% Antibiotic-Antimycotic (Gibco, USA), 1% Non-essential Amino Acids
(Gibco, USA) and 5 ng mL−1 Fibroblast Growth Factor-2 (FGF-2, Pe-
protech, USA). The cells were allowed to proliferate until 80% conflu-
ency. The chitosan plastics were pre-soaked in the media for 24 h, and
then 10000 cells were seeded for Lived/dead (Invitrogen, USA), Alamar-
Blue(Invitrogen, USA), and 2,5-diphenyl-2H-tetrazolium bromide (MTT,
Abcam, USA) assays. The cell-seeded plastics on days 1, 7, and 14 were
stained with 2 μm Calcein (Live) and 4 μm Ethidium homodimer (Dead)
dyes, incubated for 30 min and imaged using a fluorescence microscope
(BZ-X700, Keyence, USA). Cell proliferation was analyzed using the Ala-
marBlue assay, and cell metabolic activity was evaluated using the MTT
assay.

Antibacterial Activity: Chitosan provides antibacterial activity due to
the abundance of cationic functional groups.[86] The removal of excess
citric acid during dialysis reduces the amount of cationic amine groups in
the prepared chitosan solution and was expected to mitigate the antimi-
crobial effects. In this work, the anti-bacterial activity of the CA-Cs solution,
pre- and post-dialysis was assessed, against Gram positive and Gram neg-
ative bacteria, i.e, Staphylococcus aureus and Escherichia coli, respectively.
AlamarBlue assay was carried out to quantify bacterial viability where 50 μL
of the diluted pre- and post-dialysis CA-Cs solutions in PBS were pipetted
into 96 well plates and mixed with 50 μL of bacteria culture suspension
containing 105 cells per mL. The media controls included Luria Bertani
(LB) broth (Fischer Bioreagents, NH, USA) and Tryptic Soy broth (TSB)
(Sigma-Aldrich, Burlington, MA, USA) for E. coli and S. aureus, respec-
tively. The plates containing E. coli and S. aureus were incubated at 37 °C
overnight with agitation, followed by the addition of 10 μL of AlamarBlue
reagent (Thermo Fisher Scientific, Waltham, MA, USA). The plates were
then incubated in dark at 37 °C for 20 min. The fluorescence of the incu-
bated AlamarBlue solutions for E. coli and S. aeureus was recorded with
a microplate reader (Varioskan LUX multimode, Thermo Fisher Scientific,
Waltham, MA, USA) with excitation/emission at 560/590 nm. Bacterial vi-
ability was calculated using the following formula:

% Bacterial Viability =
(FI of well − Avg. FI media control)

(Avg. FI growth control − Avg. FI media control)
× 100 (2)

where FI = Fluorescence intensity
Chitosan-Based Living Materials for Phenol Remediation: Bacteria cul-

ture conditions - A 5 mL starter culture of Pseudomonas putida (Trevisan)
Migula (ATCC 700007) was grown in 50 mL nutrient broth (NB) medium
containing 1 g L−1 glucose (Sigma-Aldrich, Burlington, MA, USA), 3 g L−1

yeast extract (Sigma-Aldrich, Burlington, MA, USA), 6 g L−1 sodium chlo-
ride (Sigma-Aldrich, Burlington, MA, USA), and 15 g L−1 bacteriological
peptone (Thermo Fisher Scientific, Waltham, MA, USA) and incubated for
24 h on an orbital shaker at 150 rpm at 30 °C. To measure the concentra-
tion of the P. putida culture grown overnight, the culture was centrifuged
at 8,000 rpm for 20 min and the optical density (OD) measured at 600 nm
using a spectrophotometer (Thermo Fisher Scientific, Genesis 10S) with
0.85% w/v sodium chloride solution as blank.

Chitosan-putida plastics preparation and phenol degradation - For the
preparation of chitosan-putida plastics, the actively growing P. putida cul-
ture suspension was centrifuged, and the pellet was lyophilized at −80 °C
and 0.006 bar until complete sublimation. The lyophilized cells weremixed
with Cs-CA powder in different ratios (i.e., 1:5 and 1:2, w:w bacterial cells:
CsCA powder). The mixes were thermomechanically compressed at 60 °C,
632MPa to obtain the chitosan-putida plastics. Controls were prepared via
thermomechanical compression Cs-CA powder alone and free bacterial
cells alone at 60 °C, 632 MPa. For phenol degradation, the samples were
incubated in 5 mL of the minimal medium (MM) containing Na2HPO4
(5.4 g L−1, Sigma-Aldrich, Burlington, MA, USA), KH2PO4 (1.4 g L−1,
Sigma-Aldrich), (NH4)2SO4 (0.5 g L−1, Sigma-Aldrich), MgSO4·7H2O
(0.2 g L−1, Sigma-Aldrich), and tracemineral supplements (5mL L−1; MD-
TMS, ATCC) supplemented with 100 mg L−1 of phenol (Thermo Fisher
Scientific) as the sole carbon source. Cell growth (CFU/mL) and phenol
degradation were monitored over a week. The cell density was measured
using the drop plate method, where the MMmedium containing the sam-
ples and controls was diluted 103 times and 10 μL of the diluted sample
was dropped on the NB agar plate. The cell colonies were counted after 6
to 8 hours. Phenol concentrations were determined for both the bacteria-
containing plastics and the bacterial controls using a 4-aminoantipyrine
spectrophotometric method.[19] Briefly, the minimal medium containing
the chitosan-putida plastic was centrifuged to remove the released cells
and 125 μL of cell-free sample was mixed with 25 μL of 0.1 m glycine buffer
(pH 9.7) followed by addition of 62.5 μL of 0.2%, w/v, 4-aminoantipyrine
and 50 μL of 0.5% w/v, Fe(CN)6. The absorbance of the red-color solution
was measured at 505 nm using a spectrophotometer (Varioskan LUXmul-
timode, Thermo Fisher Scientific, Waltham, MA, USA) and compared to a
standard curve.

Statistical Analysis: OriginPro (OriginLab Corporation, Mas-
sachusetts, USA) was used for all statistical analyses and all data
are shown as the mean ± s.d. unless otherwise indicated. Two-way
analysis of variance (ANOVA) with Tukey’s post hoc multiple comparison
test was used to determine statistical significance (*p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001). Correlation of two variables were analyzed using simple
linear regression test to obtain a linear equation (R2 > 0.95) for calibration
curves used in quantification of primary amine contents by TNBSA assay.
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