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Abstract
Chitosan–collagen hybrids derive their behaviour from a thin interfacial region where a cat-

ionic polysaccharide, a hydrated triple helix and ordered water compete for one hydrogen-bond 
inventory. This review asks what 3‑amino‑1,2,4‑triazole (3-AT), an 84 Da hydrogen-bonding 
heterocycle, could do there. A structured search yielded 177 records (Supplementary Table 
S2); no eligible study combining all three components was identified within the defined search 
strategy, so every ternary statement is inference paired with a named falsifiable observable. 
With a conjugate-acid pKa of 4.04, 3-AT is 72% neutral at pH 4.5 and 96% at pH 5.5: it cannot 
serve as a counter-ion for chitosan ammonium or compete for collagen carboxylate, and being 
monovalent it cannot crosslink. Three non-covalent roles remain – interstitial bridging, capping 
of the hydrogen-bond ladder and inclusion in the hydrated chitosan lattice – behind two con-
founders to be excluded first: retitration of the casting sol by 3-AT itself, and covalent capture 
of its exocyclic amine by crosslinkers. The roles predict divergent diffraction, calorimetric, 
mechanical and degradation signatures, so they are experimentally separable; the necessary 
control set is specified.
Keywords: chitosan, collagen, 3‑amino‑1,2,4‑triazole, supramolecular interface, hydrogen 
bonding, hydration, network stability, biomaterials

Introduction
Chitosan and collagen are combined 

because their deficiencies are complemen-
tary: collagen gives a  cell-instructive triple 
helix but little strength, chitosan a  cation-
ic film-forming backbone without fibrillar 
hierarchy (Rinaudo, 2006). Their prop-
erties are not additive; association de-
pends on the state of collagen (Taravel & 

Domard, 1993) and on a  contact map set 
by chitosan acetylation and collagen hy-
droxylation (Przybyłek et al., 2022). The 
interface is thus the property-determining 
element, and it is crowded: every additive 
must displace something already bound 
(Kaczmarek-Szczepańska et al., 2025).3-AT 
is a  suitable probe: small enough to enter 
that region without templating a phase of its 
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own, hydrophilic, and presenting an annu-
lar N–H donor, two ring-nitrogen acceptors 
and an exocyclic amine on a  rigid scaffold. 
It is essentially uncharged where chitosan 
is charged, a  regime no polymeric additive 
occupies. Reviews do not close the gap: 
chitosan–collagen work compresses the in-
terface into one ammonium–carboxylate 
statement (Devernois & Coradin, 2023), and 
triazole–biomaterial work is dominated by 
the click-derived 1,2,3‑isomer, where the 
ring is a covalent junction, not a guest (Erd-
mann & Wennemers, 2013).

Molecular architecture of 
the three components

Chitosan’s interfacial inventory is three-
fold: the C2 amine, its only strongly basic 
site; the C3 and C6 hydroxyls, C6–OH being 
the accessible donor; and residual acetami-
do groups. Two free-amine estimates circu-
late and are not interchangeable: dissolution 
in acetic acid requires a  degree of protona-
tion of only about 0.5 (Rinaudo et al., 1999), 
whereas Henderson–Hasselbalch with  
pK₀ ≈ 6.0–6.5 predicts 76–99%. They recon-
cile only through the charge-dependent de-
pression of a  polyelectrolyte’s apparent pK, 
so the free-amine fraction must be measured.

Figure 1. Interaction-relevant chemistry of the three components

Note. (a) Chitosan repeating unit; (b) a Gly–Pro–Hyp segment of the triple helix; (c) the 
annular tautomers of 3‑amino‑1,2,4‑triazole. No covalent linkage between the components 
is implied

Chitosan’s solid-state hydrogen bond-
ing is polymorph-dependent, structural wa-
ter being integral to the hydrated form, and 
small guests can enter that lattice: monocar-
boxylic acids form a distinct complex phase 
whose removal drives a  crystal transition 
(Naito et al., 2015). The triple helix carries 
one interchain N–H···O=C bond per Gly-X-Y 
triplet inside a  hydration cylinder in which 
water bridges peptide acceptors (Bella et al., 
1994). Two caveats follow. First-shell res-
idence is nanosecond to sub-nanosecond 
(Melacini et al., 2000), so a guest competes 
on occupancy, not by displacement. And 
where water was seen to replace a direct in-
terchain bond, it was at a glycine substitution 
mimicking a disease mutation and came with 
local untwisting: a  precedent for the geom-
etry of bridging, and equally evidence that 

bridging in the helix core is a  defect rather 
than a design option.

3-AT is C₂H₄N₄, 84.08 Da, with two do-
nors, three acceptors and a  negative com-
puted partition coefficient placing it in 
the aqueous phase. Potentiometry gives 
pKa = 4.04 for the conjugate acid and 11.08 
for annular N–H deprotonation (Kröger & 
Freiberg, 1965), so the protonated fraction 
is about 28% at pH 4.5, 11% at pH 5.0 and 
4% at pH 5.5. Which face it presents is set 
by environment-dependent annular tautom-
erism; in matrix-isolated complexes the an-
nular N–H, not the exocyclic amine, donates 
(Mucha et al., 2023). It decomposes in two 
stages, the first with an activation energy of 
124 ± 8 kJ mol–¹ (Sánchez-Soto et al., 1995). 
Table 1 collects these values.
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Table 1. Interaction-relevant chemistry of chitosan, collagen and 3‑amino‑1,2,4‑triazole

Feature Chitosan Collagen (type I) 3-Amino‑1,2,4‑tri-
azole

H-bond donors C3–OH, C6–OH, C2–
NH₂, acetamido N–H

backbone N–H, Hyp 
O–H, side-chain 
N–H/O–H

annular N–H (pri-
mary), exocyclic NH₂ 
(secondary)

H-bond accep-
tors

ring and hydroxyl O, 
amine N

peptide C=O, carbox-
ylate O, Hyp O

two pyridine-type ring 
N; amine lone pair

Ionisable site, 
pKa

C2–NH₃+; pK₀ ≈ 6.0–
6.5, DA- and I-dependent

Asp/Glu –COOH, Lys/
Arg/His; pI ≈ 8

conjugate acid 4.04; 
annular N–H 11.08

Charge at pH 
4.5–5.5

≈ 50% protonated at 
typical acid stoichiometry

net cationic (below pI) 72% neutral at pH 4.5, 
96% at pH 5.5

Valency toward 
a partner chain

multivalent polyelectro-
lyte

multivalent monovalent – cannot 
crosslink

Ordered water integral to the hydrated 
polymorph

cylinder of hydration, 
sub-nanosecond resi-
dence

hydrophilic; partitions 
to the aqueous phase

Reactive han-
dle

C2–NH₂ toward alde-
hyde / genipin / carbo-
diimide

Lys ε-NH₂ toward the 
same

exocyclic NH₂ – com-
petes

Note. Component-level measurements on the isolated species; none has been measured in 
a ternary chitosan–collagen‑3-AT system

Interactions at the native interface
Pairing of chitosan –NH₃+ with colla-

gen –COO– is invoked most often and demon-
strated least directly; with an isoelectric point 
near 8 both polymers are net cationic across 
the casting window, so attraction must arise 
locally against a  repulsive background. In 
chitosan polyelectrolyte complexes the main 
infrared bands do not shift at all, complex-
ation producing new bands instead (Lawrie 
et al., 2007). Band appearance, not band 
shift, is therefore the reporter, yet much of 
this literature reads shifts of five to ten wave-
numbers in a window holding collagen amide 
II, chitosan –NH₂ scissoring and the ammo-
nium mode together.

Three candidate roles for 
3‑amino‑1,2,4‑triazole

Two routes must be excluded before any 
direct role is claimed. Because pKaH lies in-
side the casting window, added 3-AT is itself 
a buffer: it consumes acid, raises sol pH and 
lowers chitosan’s protonation, so a  proper-
ty change may arise with no guest–polymer 
contact at all. Separately, the exocyclic amine 

is a  competent nucleophile toward the al-
dehyde, genipin and carbodiimide chemis-
tries used on these blends. What follows is 
restricted to crosslinker-free constructs at 
matched pH and ionic strength.

Within that restriction 3-AT is neutral 
and monovalent, so three non-covalent roles 
remain. In bridging it inserts interstitially, 
accepting from one polymer at a ring nitro-
gen and donating from its annular N–H to 
the other, raising inter-chain connectivity. 
In capping it binds one partner preferen-
tially and terminates connectivity, acting as 
a  chain-stopper and plasticiser. In lattice 
inclusion it partitions into the hydrated chi-
tosan crystallite as a distinct complex phase.

These are dominant-expression limits, 
not exclusive alternatives; mixed states give 
intermediate signatures. Because the chi-
tosan–collagen contact is multivalent and 
3-AT is not, kinetic site occupancy during 
solvent removal is likelier than equilibrium 
displacement, which does not separate bridg-
ing from capping. No bridging by 3-AT has 
been reported in any protein–polysaccharide 
system, and the only reported chitosan/3-AT 
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material is a covalently grafted cotton-fabric finish with no collagen and no network data 
(Aboelnaga et al., 2017).

Figure 2. The native interface and the three candidate roles for 3‑amino‑1,2,4‑triazole

Note. Contacts are non-covalent throughout; broken lines denote hydrogen bonds or local 
ion pairs. Schematic, not experimentally determined

Discriminating the roles
The roles predict different signatures 

(Table 2). Diffraction discriminates most 
sharply: inclusion produces new Bragg re-
flections rather than broadening alone (Nai-
to et al., 2015), bridging and capping none. 
A  collagen-free control is mandatory, since 
collagen alone already abolishes the low-an-
gle hydrated-chitosan reflection (Becerra 

et al., 2022); without that reflection, inclu-
sion is unavailable and the scheme reduces 
to two roles. Calorimetry supplies the water 
axis, but bound water and equilibrium swell-
ing must be reported separately, because in 
crosslinked chitosan membranes the two 
do not co-vary (Ostrowska-Czubenko & 
Gierszewska-Drużyńska, 2009).

Table 2. Divergent signatures of the three candidate roles

Observable Bridging Capping Lattice inclusion

Wide-angle 
X-ray diffraction

no new reflections no new reflections new Bragg reflections

Non-freezing 
water (DSC)

decreases increases crystal transition rather 
than monotonic change

Equilibrium 
swelling

measure separately from 
bound water

measure separately 
from bound water

little change

Modulus / elon-
gation

modulus ↑, elongation ↓ modulus ↓, elonga-
tion ↑

modulus ≈, brittleness ↑

Enzymatic deg-
radation

slowed by steric shielding accelerated largely unchanged
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Observable Bridging Capping Lattice inclusion

Raman I₁₂₄₈/
I₁₂₇₁

perturbed if the helix is 
reached

perturbed if the 
helix is reached

unchanged

Functional out-
come

stable films, slow resorp-
tion

compliant, 
fast-swelling ma-
trices

brittle, processing-
sensitive

Note. Predicted signatures, not measured data. Diffraction separates inclusion from 
the other two; mechanics and degradation separate bridging from capping. Every row 
requires a crosslinker-free blank, a collagen-free binary and a charge-matched control

Operational definitions differ between 
studies: in one collagen/chitosan/silk-fi-
broin series, swelling in phosphate-buffered 
saline ran from 1302 ± 30% to 7580 ± 50% 
while liquid uptake in the same work was 
10–15% (Grabska-Zielińska et al., 2021). Vi-
brational spectroscopy is best used as a helix 
reporter: the Raman amide III doublet near 
1271 and 1248 cm–¹ resolves triple-helical 
content (Frushour & Koenig, 1975) against 
a far weaker water background than infrared. 
No band position is established for free 3-AT 
in a  biopolymer phase, so finding a  mark-
er band in an empty window is a  prerequi-
site. Mechanically the roles predict opposite 
signs, but only a single-laboratory composi-
tion series under one protocol is defensible.

Thermal behaviour, 
degradation and safety

Blending is itself a  large thermal effect: 
in one chitosan–collagen series the glass 

transition falls from 107 °C to 64 °C at a 1:1 
ratio (Thongchai et al., 2020), so a modifier 
effect must be substantial to be interpretable 
and measured at matched water content. In 
thermogravimetry an extra mass-loss step 
matching the first decomposition stage of 
3-AT would betray a  segregated crystalline 
fraction, though its absence is informative 
only above the loading at which such a frac-
tion resolves. Degradation must be phase-
resolved: lysozyme attacks the chitosan 
phase and leaves the triple helix, which needs 
collagenase; dual-crosslinked collagen–chi-
tosan films retained 85–89% of their mass 
after 14 days in lysozyme and lipase (Shah et 
al., 2019). Each assay must quantify modifi-
er leaching, since mass loss and modifier loss 
are otherwise indistinguishable.

Experimental roadmap

Figure 3. Gated experimental sequence for testing the ternary system

Note. Retention is quantified before phase location, phase location before mechanism, and 
mechanism before application. Each gate requires the controls in Table 2
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A toxicological constraint precedes any ap-
plication. 3-AT is amitrole, a regulated herbi-
cide with documented developmental toxicity 
(Landauer et al., 1971), and its protein adduct 
forms through a  peroxide-derived enzyme 
intermediate (Margoliash et al., 1960); the 
assumption of non-covalent behaviour there-
fore fails in peroxide- and catalase-rich envi-
ronments such as inflamed wound beds. Col-
lagen offers no comparable activating centre, 
so this concerns the biological environment 
rather than a predicted collagen reaction; but 
a weakly bound fraction elutes freely, making 
leaching an exposure route before it is a mea-
surement artefact. No biomedical claim should 
be advanced without eluate cytotoxicity data.

The decisive measurements are neither 
expensive nor novel, but their order mat-
ters. Every stage requires three controls – 
a crosslinker-free blank, a collagen-free chi-
tosan/3-AT binary at matched processing, 
and a  charge-matched additive-free sol – 
without which no observation is attributable 
to the guest.

Conclusion
3-Amino‑1,2,4‑triazole is chemically well 

suited to the chitosan–collagen interface and 
entirely untested there. Its pKa removes elec-
trostatic competition and its monovalency 
removes crosslinking, leaving three non-co-
valent roles whose diffraction, calorimetric, 
mechanical and degradation signatures point 
in different directions. They are distinguish-
able in principle, provided the control set 
above is applied and retention is quantified 
before any property is attributed to the modi-
fier. Until then, 3-AT at this interface remains 
a testable hypothesis.

Supplementary Table S1 summarises 
the search strategy, databases, terms and 
screening criteria; Table S2 lists the 177 re-
tained records with search category, evidence 
tier and screening decision; Table S3 gives 
their distribution across evidence domains. 
Twenty-three records are cited here, and 
none describes a  material containing chi-
tosan, collagen and 3-AT together. The data-
set is archived at Zenodo (Sharopov, 2026).

References

Aboelnaga, A., Shaarawy, S., & Hagar, M. (2017). A novel chitosan 3‑amino‑1,2,4‑triazole hy-
brid: Preparation and its effects on cotton fabric. Journal of Taibah University for Sci-
ence, – 11 (5). – P. 768–774. URL: https://doi.org/10.1016/j.jtusci.2016.08.008

Becerra, J., Rodriguez, M., Leal, D., et al. (2022). Chitosan-collagen-hydroxyapatite mem-
branes for tissue engineering. Journal of Materials Science: Materials in Medicine, – 33. – 
18 p. URL: https://doi.org/10.1007/s10856-022-06643‑w

Bella, J., Eaton, M., Brodsky, B., et al. (1994). Crystal and molecular structure of a  colla-
gen-like peptide at 1.9 Å resolution. Science, – 266 (5182). – P. 75–81. URL: https://doi.
org/10.1126/science.7695699

Devernois, E., & Coradin, T. (2023). Synthesis, characterization and biological prop-
erties of type I  collagen-chitosan mixed hydrogels: A  review. Gels, – 9 (7). – 518 p. 
URL: https://doi.org/10.3390/gels9070518

Erdmann, R. S., & Wennemers, H. (2013). Conformational stability of triazolyl functional-
ized collagen triple helices. Bioorganic & Medicinal Chemistry, – 21 (14). – P. 3565–3570. 
URL: https://doi.org/10.1016/j.bmc.2013.02.046

Frushour, B. G., & Koenig, J. L. (1975). Raman scattering of collagen, gelatin, and elastin. 
Biopolymers, – 14 (2). – P. 379–391. URL: https://doi.org/10.1002/bip.1975.360140211

Grabska-Zielińska, S., Sionkowska, A., Olewnik-Kruszkowska, E., et al. (2021) Collagen/
chitosan/silk fibroin scaffolds cross-linked by EDC/NHS. Materials, – 14 (5). – 1105 p. 
URL: https://doi.org/10.3390/ma14051105

Kaczmarek-Szczepańska, B., D’Amora, U., Zasada, L., et al. (2025) Chitosan-collagen bio-
composite thin films with potassium silicate and tannic acid. Polymers, 17 (5). – 608 p. 
URL: https://doi.org/10.3390/polym17050608

Kröger, C. F., & Freiberg, W. (1965). Protonation constants of 3‑amino‑1,2,4‑triazole. 
Zeitschrift für Chemie, – 5. – 381 p.



Austrian Journal of Technical 
and Natural Sciences, 2026 No 7 – 8

3-AMINO‑1,2,4-TRIAZOLE AT THE CHITOSAN–COLLAGEN INTERFACE52

Section 1. Chemistry

Landauer, W., Salam, N., & Sopher, D. (1971). The herbicide 3‑amino‑1,2,4‑triazole (ami-
trole) as teratogen. Environmental Research, – 4 (6). – P.  539–543. URL: https://doi.
org/10.1016/0013–9351(71)90014–4

Lawrie, G., Keen, I., Drew, B., et al. (2007). Interactions between alginate and chitosan bio-
polymers characterized using FTIR and XPS. Biomacromolecules, – 8 (8). – P. 2533–2541. 
URL: https://doi.org/10.1021/bm070014y

Margoliash, E., Novogrodsky, A., & Schejter, A. (1960). Irreversible reaction of 3‑ami-
no‑1:2:4‑triazole and related inhibitors with the protein of catalase. Biochemical Jour-
nal, – 74 (2). – P. 339–348. URL: https://doi.org/10.1042/bj0740339

Melacini, G., Bonvin, A. M. J. J., Goodman, M., et al. (2000). Hydration dynamics of the 
collagen triple helix by NMR. Journal of Molecular Biology, – 300 (4). – P. 1041–1049. 
URL: https://doi.org/10.1006/jmbi.2000.3919

Mucha, M., Pagacz-Kostrzewa, M., & Wierzejewska, M. (2023). Structure and IR spectroscopic 
properties of complexes of 1,2,4‑triazole and 3‑amino‑1,2,4‑triazole. Spectrochimica Acta 
Part A, – 285. – 121901 p. URL: https://doi.org/10.1016/j.saa.2022.121901

Naito, P.-K., Ogawa, Y., Kimura, S., et al. (2015). Crystal transition from hydrated chitosan 
and chitosan/monocarboxylic acid complex to anhydrous chitosan. Journal of Polymer 
Science Part B, – 53 (15). – P. 1065–1069. URL: https://doi.org/10.1002/polb.23748

Ostrowska-Czubenko, J., & Gierszewska-Drużyńska, M. (2009). Effect of ionic crosslinking 
on the water state in hydrogel chitosan membranes. Carbohydrate Polymers, – 77 (3). – 
P. 590–598. URL: https://doi.org/10.1016/j.carbpol.2009.01.036

Przybyłek, M., Bełdowski, P., Wieland, F., et al. (2022). Collagen type II-chitosan interactions 
from molecular dynamics simulations. Molecules, – 28 (1). – 154 p. URL: https://doi.
org/10.3390/molecules28010154

Rinaudo, M. (2006). Chitin and chitosan: Properties and applications. Progress in Polymer Sci-
ence, – 31 (7). – P. 603–632. URL: https://doi.org/10.1016/j.progpolymsci.2006.06.001

Rinaudo, M., Pavlov, G., & Desbrières, J. (1999). Influence of acetic acid concentration on 
the solubilization of chitosan. Polymer, 40 (25). – P.  7029–7032. URL: https://doi.
org/10.1016/S0032–3861(99)00056-7

Shah, R., Stodulka, P., Skopalova, K., & Saha, P. (2019). Dual crosslinked collagen/chitosan 
film for potential biomedical applications. Polymers, – 11 (12). – 2094 p. URL: https://doi.
org/10.3390/polym11122094

Sharopov, J. M. (2026). Supplementary dataset – 3‑amino‑1,2,4‑triazole at the chitosan–col-
lagen interface [Data set]. Zenodo. URL: https://doi.org/10.5281/zenodo.22009239

Sánchez-Soto, P. J., Morillo, E., & Pérez-Rodríguez, J. L. (1995) Thermoanalytical study of the 
pesticide 3‑amino‑1,2,4‑triazole. Journal of Thermal Analysis, – 45 (5). – P. 1189–1197. 
URL: https://doi.org/10.1007/BF02547493

Taravel, M. N., & Domard, A. (1993). Relation between the physicochemical characteristics 
of collagen and its interactions with chitosan: I. Biomaterials, – 14 (12). – P. 930–938. 
URL: https://doi.org/10.1016/0142-9612(93)90135-O

Thongchai, K., Chuysinuan, P., Thanyacharoen, T., et al. (2020). Integration of collagen into 
chitosan blend film composites: Physicochemical property aspects. SN Applied Scienc-
es, – 2. – 255 p. URL: https://doi.org/10.1007/s42452-020-2052-5

submitted 08.08.2026;
accepted for publication 22.08.2026;
published 31.08.2026
© Sharopov J. M.
Contact: jahongir.user@gmail.com


