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a b s t r a c t 

The structural and functional properties of collagen are modulated by the presence of intramolecular and 

intermolecular crosslinks. Advanced Glycation End-products (AGEs) can produce intermolecular crosslinks 

by bonding the free amino groups of neighbouring proteins. In this research, the following hypothesis is 

explored: The accumulation of AGEs in collagen decreases its proteolytic degradation rates while increas- 

ing its stiffness. Fluorescence Lifetime Imaging (FLIM) and Fourier-transform infrared spectroscopy (FTIR) 

detect biochemical changes in collagen scaffolds during the glycation process. The accumulation of AGEs 

increases exponentially in the collagen scaffolds as a function of Methylglyoxal (MGO) concentration by 

performing autofluorescence measurement and competitive ELISA. Glycated scaffolds absorb water at a 

much higher rate confirming the direct affinity between AGEs and interstitial water within collagen fib- 

rils. In addition, the topology of collagen fibrils as observed by Atomic Force Microscopy (AFM) is a lot 

more defined following glycation. The elastic modulus of collagen fibrils decreases as a function of gly- 

cation, whereas the elastic modulus of collagen scaffolds increases. Finally, the enzymatic degradation 

of collagen by bacterial collagenase shows a sigmoidal pattern with a much slower degradation rate in 

the glycated scaffolds. This study identifies unique variations in the properties of collagen following the 

accumulation of AGEs. 

Statement of significance 

In humans, Advanced Glycation End-products (AGEs) are naturally produced as a result of aging process. 

There is an evident lack of knowledge in the basic science literature explaining the biomechanical impact 

of AGE-mediated crosslinks on the functional and structural properties of collagen at both the nanoscale 

(single fibrils) and mesoscale (bundles of fibrils). This research, demonstrates how it is possible to harness 

this natural phenomenon in vitro to enhance the properties of engineered collagen fibrils and scaffolds. 

This study identifies unique variations in the properties of collagen at nanoscale and mesoscale following 

accumulation of AGEs. In their approach, they investigate the unique properties conferred to collagen, 

namely enhanced water sorption, differential elastic modulus, and finally sigmoidal proteolytic degrada- 

tion behavior. 
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∗ Corresponding author. 

E-mail address: mina.vaez@utoronto.ca (M. Vaez) . 

https://doi.org/10.1016/j.actbio.2022.11.033 

1742-7061/© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.actbio.2022.11.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.11.033&domain=pdf
mailto:mina.vaez@utoronto.ca
https://doi.org/10.1016/j.actbio.2022.11.033


M. Vaez, M. Asgari, L. Hirvonen et al. Acta Biomaterialia 155 (2023) 182–198 

1

p

c

t

v

m

t

T

t

o

r

t

c

a

l

t  

c

c

T

o

c

c

T

h

(

a

b

m

b

t

(

t

e

r

T

i

v

s

E

s

g

a

s

p

d

p

t

m

(

r

c

m

s

v

l

g

z

L

g

g

m

a

a

m

a

b

f

r

e

s

a

A

o

a

g

a

[

a

g

m

w

c

G

s

u  

G

e

k

r

h

c

s

m

c

d

o

s

i

M

I

T

g

m

p

s

2

2

o

f

C

2  

μ

a

m

3

d

F

(

c

p

. Introduction 

Collagen type I is the most abundant extracellular matrix (ECM) 

rotein that is responsible for conferring mechanical resilience to 

onnective tissues [1] . To achieve this, both collagen ultrastruc- 

ure and biochemistry present anatomical-specific variations. These 

ariations ensure that collagen-rich connective tissues can accom- 

odate the different environmental demands defined by the func- 

ional properties of the tissue as established by Wolff’s Law [2] . 

hus, the fine-tuning of collagen properties is critical for continued 

issue homeostasis. Any significant disruption of these properties is 

ften associated with pathological conditions such as fibrosis [3] , 

heumatoid arthritis [4] , and cancer [5] . 

Tissue engineering has relied on collagen as a native struc- 

ural protein to engineer scaffolds and, membranes with signifi- 

ant success over the last three decades [6] . The biocompatibility, 

ccessible-chemical functionalization, and in vivo turnover of col- 

agen are undeniable assets for collagen scaffolds and membranes 

o be developed for clinical applications [ 7 , 8 ]. Yet, the most signifi-

ant limitations of engineered collagen scaffolds are their poor me- 

hanical property, poor structural stability, and rapid degradation. 

he fine-tuning of in vitro collagen scaffold properties is not yet 

n par with that of in vivo tissue properties. Chemical and physi- 

al crosslinking methods have been used to control the mechani- 

al and biological stability of reconstituted collagen assemblies [9] . 

he most common chemical crosslinking reagents are glutaralde- 

yde (GTA), hexamethylene diisocyanate (HMDI), and 1-ethyl-3- 

3-dimethylaminopropyl) carbodiimide (EDC) [ 10 , 11 ]. Photoreactive 

gents (e.g., riboflavin) and plant extracts (e.g., genipin) have also 

een used [ 12 , 13 ]. These chemical exogenous collagen crosslinking 

ethods are associated with cytotoxicity, calcification, and foreign 

ody response, which usually overshadow their crosslinking poten- 

ial [14] . The use of physical approaches such as dehydrothermal 

DHT) and UV irradiation has also been evaluated to avoid the cy- 

otoxicity associated with the chemical crosslinkers [ 15 , 16 ]. How- 

ver, physical crosslinking methods include heating, drying, and ir- 

adiation and cannot yield sufficient crosslinking degrees [ 17 , 18 ]. 

herefore, there is a need for crosslinking agents that are optimal 

n low toxicity, and that have the ability to confer mechanical ad- 

antages while not adversely affecting long-term tissue homeosta- 

is. To preserve as much of the composition and structure of the 

CM as possible and to mimic the collagen properties found in tis- 

ues, a possible solution would be to selectively re-engineer colla- 

en native crosslinks in new scaffolds. 

Following their synthesis in vivo , procollagen α-chains undergo 

 series of post-translational modifications resulting in the as- 

embly of procollagen molecules. These include modifications of 

roline residues to hydroxyproline, modification of lysines to hy- 

roxylysines, N- and O-linked glycosylation, trimerization, disul- 

hide bonding, prolyl cis-trans isomerization and folding of the 

riple helix. As part of this process, the tropocollagen molecules’ 

ain stabilization is achieved by the protein disulphide isomerase 

PDI) whose main function is to catalyze the formation and rear- 

angement of the disulphide bonds also known as intramolecular 

rosslinks. Following fibrillogenesis, collagen molecules are once 

ore exposed to further stabilization within the fibril. This final 

tep of the biosynthesis of collagen involves the formation of co- 

alent crosslinks to stabilize the supramolecular assembly of col- 

agen molecules into fibrils. Under physiological conditions, colla- 

en fibrils undergo natural intermolecular crosslinking via the en- 

ymatic lysyl oxidase (LOX), lysyl oxidase-like (LOXL), LOXL, LOXL3, 

OXL4 and transglutaminase pathways, as well as nonenzymatic 

lycation. However, upon maturation and aging the amount of 

lycation-mediated crosslinks increases while the amount of enzy- 

atic crosslinks does not decrease. This leads to an overall imbal- 

nce in crosslinking formation in favour of the glycation products 
183 
s the proportion of glycation-mediated crosslinks to enzymatic- 

ediated crosslinks increases [19] . 

Glycation is the reaction of carbonyl groups of reducing sug- 

rs with free amino groups of lipids and proteins to form a Schiff

ase, which then undergoes a time-dependent rearrangement to 

orm a fairly stable Amadori product [20] . These structures are still 

eactive and convert to stable substances called advanced glycation 

nd-products (AGEs). AGEs formation results from long-time expo- 

ure of proteins to reducing sugars since glycation of collagen is 

 process without catalysis. The low turnover of collagen causes 

GEs to accumulate within the collagen fibrils in our tissues and 

rgans during normal aging or some pathological conditions such 

s Alzheimer’s disease [21] , and diabetes. In diabetic conditions, 

lycation is expected to proceed faster due to an increase in avail- 

ble free sugars that are available to react with collagen residues 

22] . 

AGE-mediated crosslinks are known to alter the physical char- 

cteristics (elasticity, thermal denaturation, morphology) of colla- 

en structures. A previous study showed that glucosepane (the 

ost abundant and relevant AGE-mediated crosslink) is associated 

ith an increased denaturation temperature, reduced density of 

ollagen packing, and increased porosity to water molecules [23] . 

autieri et al. showed that AGEs reduce tissue viscoelasticity by 

everely limiting fiber–fiber and fibril–fibril sliding and brittle fail- 

re mode in tendons treated with M ethyl g ly o xal (MGO) [ 24 , 25 ].

lycation not only results in a modification of the physical prop- 

rties of the collagen but also modifies collagen interaction with 

ey molecules like enzymes (e.g. collagenase) that lead to enzyme 

esistance [26] . 

Although the effect of glycation on collagen tissue properties 

as been investigated with ribose and glucose [27–29] as gly- 

ation agents, there is an evident lack of knowledge in the ba- 

ic science literature explaining the biomechanical impact of AGE- 

ediated crosslinks on the functional and structural properties of 

ollagen at both the nanoscale (single fibrils) and mesoscale (bun- 

les of fibrils). Thus, in the current work, we investigate the effects 

f MGO-induced AGE-crosslinks on collagen structural ordering, 

tiffness, water sorption, and enzymatic degradability by combin- 

ng multi-scale imaging and mechanical testing via Atomic Force 

icroscopy (AFM), Attenuated Total Reflectance-Fourier Transform 

nfrared Spectroscopy (ATR-FTIR), and time-lapse digital imaging. 

his study identifies unique variations in the properties of colla- 

en following in vitro tissue glycation by MGO and proposes this 

ethod of collagen crosslinking as a means to modulate the bio- 

hysical properties of collagen fibrils and scaffolds prior to cell 

eeding or clinical implantation. 

. Materials and methods 

.1. Engineering collagen fibrils and scaffolds 

Mono-dispersed collagen fibrils were produced by mixing 4 μl 

f type I tropocollagen monomers (3 mg/mL in 0.01 N HCl, pH 2) 

rom human placenta in acidic solutions (Advanced BioMatrix Inc., 

arlsbad, CA) with a solution composed of 6 μl of UHQ water, 

0 μl of 200 mM Na 2 HPO 4 adjusted to pH 7 with HCl, and 10

l of 400 mM KCl. The neutralized solution was then placed on 

 shaker at 37 °C for 6h to enable fibrillogenesis. The solution of 

ono-dispersed collagen fibrils was then stored in an incubator at 

7 °C until use ( < 7 days) [30] . 

Collagen scaffolds were prepared by adding 3ml rat-tail ten- 

on collagen type I solution (2.0 mg/ml protein in 0.6% acetic acid; 

irst Link Ltd, UK) to 1ml 10 × Eagle’s minimum essential medium 

MEM). The solution was neutralized using 5M and 1M NaOH (final 

ollagen concentration was 1.56 mg/ml), transferred to a 24-well 

late (1 ml in each well) and then placed in a humidified incu- 
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Fig. 1. In vitro engineering of collagen . (a) Schematic representation of the step-by-step engineering of plastically compressed collagen scaffolds. AFM topological images of 

(b) single collagen fibril (source human placenta), (c) collagen fibrils in scaffold (source rat tails), (d) extracted collagen fibrils in rat tail tendon. All collagen samples were 

imaged mounted on a glass slide and imaged in ambient conditions in contact mode. 
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ator at 37 °C for 1 h to allow fibrillogenesis [ 12 , 31 ]. The collagen

ydrogels were then plastically compressed to increase their den- 

ity as performed elsewhere ( Fig. 1 a) [32] . 

The collagen gel (concentration: 1.56mg/ml) was placed be- 

ween two nylon meshes ( ∼50 μm mesh size), a stainless-steel 120 

esh and layers of absorbent paper, and loaded with a 120 grams 

lock for 5 min at room temperature, leading to a ∼40 μm thick 

ollagen scaffold. Following compression, the scaffolds were stored 

n PBS at 4 °C until use ( < 7 days). 

.2. Collagen glycation by Methylglyoxal 

Both collagen fibrils in solution and collagen scaffolds were 

rosslinked using Methylglyoxal (MGO) (Sigma-Aldrich) post- 

brillogenesis. Serial dilutions of MGO were used to create 10 mM, 

5 mM, 50 mM, and 100 mM MGO solutions (from a stock 40 % 

queous solution) in PBS (adjusting each solution to pH 7.4). First, 

ollagen fibrils in solution were physisorbed onto a glass substrate 

or 2hrs before the excess collagen solution was rinsed off using 

 laminar flow of UHQ water. The glass coverslips with the ph- 

sisorbed collagen fibrils were then placed inside Petri dishes be- 

ore being immersed in the MGO solutions (at defined concentra- 

ions) and incubated for 3 days at 37 °C. Following their plastic 

ompression, the collagen scaffolds were transferred into Eppen- 

orf tubes containing the different concentrations of MGO solu- 

ions and incubated for 3 days at 37 °C. After 3 days of incubation,

ll collagen samples were rinsed using a laminar flow of UHQ wa- 

er and stored in PBS at 4 ̊C until characterization. 

.3. Autofluorescence 

MGO-derived AGEs formation was determined by assessing the 

utofluorescence of the glycated collagen scaffolds. For this pur- 

ose, 50 μl of newly formed collagen scaffolds were incubated 

ith 100 μl of MGO solutions at various concentrations in a black 

6-well plate (Nunc, Rochester, NY). The fluorescence intensity of 

rosslinked collagen was measured at 420 nm emission/340 nm 

xcitation using a multimode microplate reader (Cytation 3, BioTek, 

SA) [17] . Before any measurement, any excess or unreacted MGO 
184 
as removed by rinsing off the collagen scaffold three times in 

 Milli-Q water bath. For the measurements, the collagen scaf- 

olds were immersed in 100 μl Milli-Q water. Water absorbance 

as subtracted as background from all values. The fluorescence in- 

ensity for each crosslinked collagen was measured in triplicate at 

4 h intervals over 3 days before being averaged and then com- 

ared to the control. 

.4. Fluorescence lifetime imaging(FLIM) 

Time-correlated single photon counting (TCSPC) FLIM was per- 

ormed with an inverted confocal laser scanning microscope (A1R, 

ikon, Japan) with a FLIM add-on module (LSM Upgrade Kit, Pico- 

uant, Germany) and SymPhoTime 64 software for data acquisition 

nd fitting (PicoQuant, Germany). Fluorescence was excited with a 

icosecond pulsed 405 nm laser operating at a 5 MHz repetition 

ate, and the photons from the decay were collected with a hybrid 

MT over a period of 200 ns with 50 ps bin width. To avoid photon

ile-up, excitation intensity was adjusted such that the data col- 

ection rate did not exceed 1% of the excitation repetition rate. The 

amples were placed on a coverslip and imaged with a 20X NA0.75 

bjective (Nikon, Japan). A randomly chosen area of 213 ×213 μm 

as scanned with 512 ×512 pixels until the peak of the sum decay 

ad at least 10 6 photons, and decays from each pixel were added 

ogether for lifetime analysis. The experiment was repeated for a 

otal of three randomly chosen areas from each sample, and two 

amples for each MGO concentration. 

The sum decay for each area was fitted with a three- 

xponential function: 

 ( t ) = A 1 exp ( −t/τ1 ) + A 2 exp ( −t/τ2 ) + A 3 exp ( −t/τ3 ) (1) 

here I(t) is the measured fluorescence intensity, τ1 , τ2 and τ3 are 

he decay times, and A 1 , A 2 and A 3 are their corresponding ampli- 

udes at t = 0 . 

The mean fluorescence lifetimes τA and τB were determined 

rom Eq. (2) : 

A = (A 1 τ1 + A 2 τ2 ) / (A 1 + A 2 ) , τB 

= (A 1 τ1 + A 2 τ2 + A 3 τ3 ) / (A 1 + A 2 + A 3 ) (2) 



M. Vaez, M. Asgari, L. Hirvonen et al. Acta Biomaterialia 155 (2023) 182–198 

w

n

t

τ
t

f

2

i

m

w

a

a

F

u

E

l

m

i

s

1

b

w

c

w

t

(

t

c

d

i

2

2

g

p

s

o

d

w

a

U

c

i

r

L

w

a

t

o

i  

i

w

(

M

s

r

a

s

a

2

d

i

a

T

s

1

a

s

g

i

t

d

t

(

5

m

t

(

r

t

t

(

R

2

f

l

S  

h

a

c

t

t

a

C

d

t

s

s

t

d

e

p

2

B

o

f

1

1

t

i

t

g

o

F

n

s

here τ1 and τ2 correspond to the two shorter lifetime compo- 

ents from Eq. (1), and A 1 and A 2 are their corresponding ampli- 

udes; and τB includes all decay components. The average lifetimes 

A and τB were then calculated for each MGO concentration from 

he six measurements per concentration, and errors were obtained 

rom the standard deviation. 

.5. AGEs competitive ELISA assay 

The formation of MGO-derived AGEs was also measured by us- 

ng a competitive ELISA kit (ab238543, Abcam) according to the 

anufacturer’s instructions. Briefly, protein-binding 96-well plate 

ells were coated with 100 μl MGO conjugate in PBS (500 ng/ml) 

nd incubated overnight at 4 °C. Wells were washed with 1X PBS 

nd blocked with 200 μl assay diluent for 1 h at room temperature. 

or sample preparation, collagen scaffolds were snap-frozen in liq- 

id nitrogen and pulverized before being transferred into a 1.5 ml 

ppendorf tube. 100 μl RIPA buffer was added to the samples, fol- 

owed by sonication and centrifugation. Total protein content was 

easured using BCA assay, and samples were adjusted to 100μg/ml 

n RIPA buffer. The coated wells were incubated with a dilution 

eries of standards or samples (50 μl) for 10 min, and then 50μl 

x anti-MGO antibody was added and incubated for 1 h on an or- 

ital shaker at room temperature. The wells were washed 3 times 

ith wash buffer and incubated with the secondary antibody-HRP 

onjugate. Finally, substrate solution was added, and the reaction 

as stopped by the stop solution. The optical density (OD) value of 

he samples was measured using an absorbance microplate reader 

EPOCH 2, BioTek, USA) at 450 nm wavelength. Following calibra- 

ion against standards, the value OD measured from the glycated 

ollagen could be used directly for direct quantification of MGO- 

erived AGEs in our scaffolds. All measurements were carried out 

n triplicate and presented as mean + /- stdev. 

.6. Cytocompatibility assay 

Normal human dermal fibroblasts (NHDF) (NHDF-Ad-Der, CC- 

511, Lonza, USA) were maintained in Dulbecco’s Modified Ea- 

le’s Medium (DMEM; Life Technologies) supplemented with 1% 

enicillin-streptomycin (Life Technologies) and 10% fetal bovine 

erum (FBS; Sigma–Aldrich) at 37 °C in a humidified atmosphere 

f 5% CO2. NHDF cells were cultured on collagen scaffolds at a cell 

ensity of 70 0 0 cells/cm 

2 . 

The viability of the fibroblasts growing on collagen scaffolds 

as assessed using a staining method that distinguishes viable 

nd non-viable cells (Live/Dead® assay, Invitrogen, Carlsbad, CA, 

SA). The LIVE/ DEAD viability/cytotoxicity reagents stain viable 

ells in green (Calcein AM) and non-viable cells in red (Ethid- 

um homodimer-1 (Eth-D1)). Images of stained fibroblasts were 

equired using confocal laser scanning microscopy (CLSM) (Zeiss 

SM800 Airyscan). After 1, 2 and 5 days seeded collagen scaffolds 

ere incubated for 20 min in PBS containing 0.5 μM calcein AM 

nd 2 μM EthD-1. Images were acquired using argon laser excita- 

ion (488 nm) and HeNe633 laser excitation (543 nm) with a 10X 

bjective. Z-stacks were obtained from a 150 μm thick region of 

nterest of the scaffold (n = 3 samples per group) using 2 μm slices

n 3 different regions per sample at 1,3 and 5 days. The images 

ere reconstructed as sum slices projections using ImageJ software 

Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 

aryland, USA, https://imagej.nih.gov/ij/ , 1997–2018) and a repre- 

entative image was chosen for each time point. To quantify the 

elative proportion of live and dead cells, each sample section was 

nalyzed with the cell counter plug-in and data from 3 different 

can areas per sample (9 scan areas for each group) were analyzed 

nd the average was reported for each group. 
185 
.7. Fourier-transform infrared spectroscopy (FTIR) 

Control and glycated collagen scaffolds placed on CaF 2 salt win- 

ows were imaged with an Agilent Cary 670 spectrometer and 620 

nfrared microscope equipped with a 15x (0.62 NA) objective and 

 6 4 ×6 4 Focal Plane Array mercury cadmium telluride detector. 

he sample was imaged through with a slide-on micro-ATR acces- 

ory (Ge crystal) yielding a nominal geometric pixel resolution of 

.4 ×1.4 μm 

2 . All FTIR-ATR spectrochemical images were collected 

s a sum of 128 sample scans, ratioed against 512 background 

cans recorded against air, at 4 cm 

−1 spectral resolution. 

For H 2 O/D 2 O exchange experiments, control and glycated colla- 

en scaffolds were immersed in deuterium oxide (D 2 O) for 48 h 

n Eppendorf tubes at room temperature. Upon their removal from 

he D 2 O, the collagen scaffolds were directly placed (while hy- 

rated) on the diamond windows of a GladiATR (GladiATR, Pike 

echnologies, USA) mounted inside an iS20 FTIR spectrometer 

Nicolet, Thermo Scientific, USA). The ATR spectra were recorded at 

 min intervals (resolution 4cm 

−1 , 32 co-additions) from the mo- 

ent the scaffolds were mounted on the diamond windows until 

hey dried up ( ∼50min). The relative variations in the D 2 O stretch 

2418cm 

−1 ) and the OH stretch (3200 cm 

−1 ) were used to plot the 

ate of D 2 O evaporation and H 2 O absorption over time as a func- 

ion of the glycation of the scaffold. The evaporation and absorp- 

ion plots were then fitted with a first-order exponential growth 

absorption) or decay (evaporation) while ensuring that the fitting 

 

2 > 0.9. 

.8. Enzymatic degradation 

The enzymatic degradation susceptibility of the collagen scaf- 

olds was evaluated by incubating the control and glycated col- 

agen scaffolds with collagenase ( Clostridium histolyticum (CHC), 

igma-Aldrich) at 37 °C. To do so, a 6.5 mm hole punch was used to

omogenize the scaffolds’ surface area. Each sample was placed in 

 24-well plate containing 1ml of Tris-HCl buffer and 0.25 mg/ml 

ollagenase. The buffer was prepared by mixing 50 mM Tris, dis- 

illed water, and 5 mM CaCl 2 . The pH of the buffer was adjusted 

o 7.4 by adding HCl. The collagen scaffolds were digitally imaged 

t fixed time intervals using a stereomicroscope (Nikon, SMZ800, 

anada) (X7) during the enzymatic digestion until complete degra- 

ation. The reduction of the surface area of the scaffolds was ob- 

ained by processing the time-lapse digital images on Image J (ver- 

ion 1.44) using a contour analysis routine. The reduction of the 

urface area for each scaffold was then plotted at a function of 

ime before being fitted with a sigmoidal curve. The rate of degra- 

ation was calculated during the phase transition by fitting a lin- 

ar regression. All measurements were carried out in triplicate and 

resented as mean + /- stdev. 

.9. Atomic force microscopy 

A JPK Atomic Force Microscope (JPK Nano-wizard@4 BioScience, 

ruker, Germany) was used for imaging and force spectroscopy 

f the collagen fibrils and scaffolds. Collagen imaging was per- 

ormed in contact mode under ambient conditions using MSLN- 

0-C (Bruker, Germany) and SCOUT-70 cantilevers (Nu Nano, UK). 

0 ×10 μm and 2 ×2 μm images were typically recorded with op- 

imized settings at 1 to 2Hz. Collagen indentation was undertaken 

n both hydrated (PBS) and air-dried conditions (24h). All inden- 

ations were carried out exclusively on the D-banding (overlap re- 

ion) of identified collagen fibrils when these D-bands could be 

bserved by imaging. For these measurements on individual fibrils, 

ESPA-V2 cantilevers (Bruker, Mannheim, Germany) with a nomi- 

al spring constant of 2.8 N/m were used. For indentation mea- 

urements on the collagen scaffolds, FMR cantilevers (Nanotools, 

https://imagej.nih.gov/ij/
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SA) with a spring constant of 2.8 N/m were used. For each group 

3 samples per group), a minimum of 300 indentation curves was 

btained at no less than 5 locations across each sample. The (com- 

ressive) elastic modulus E was obtained from all the measure- 

ents by fitting the Hertzian model to the force-distance curve 

btained. The resultant modulus values were then plotted as a dis- 

ribution to obtain the median and error for the control and gly- 

ated samples. All images were processed, and data analysis was 

erformed using the JPK data processing software (version 6.3.5). 

.10. Statistical analysis 

Statistical significance was assessed with either One-way 

NOVA, or Mood’s median tests. Significant differences were de- 

ned as p < 0.05 (indicated with an asterisk in the figures). Re- 

ults were reported as means + /- standard deviations. All statisti- 

al analyses were performed with OriginPro 2021 software. 

. Results and discussion 

.1. In vitro engineering of collagen 

In connective tissues, the structural and functional proper- 

ies of collagen are modulated by the presence of intramolecular 

nd intermolecular crosslinks. These crosslinks vary in type and 

mount depending on the tissue site, associated pathology, or ag- 

ng [ 26 , 33 , 34 ]. Understanding the relationship between collagen 

roperties and its crosslinking has been the subject of numerous 

esearch over the last 50 years. The work by Bailey et al. paved 

he way for using advanced analytical techniques to define and 

easure the precise amount and type of crosslinks present in a 

issue [35] . However, isolating a single crosslink subtype and un- 

erstanding its impact on collagen properties remains challeng- 

ng. While several groups have added exogenous crosslinks to a 

issue biopsy in vitro [ 36 , 37 ], it is difficult to decouple the com-

osite response from the pre-existing and newly added crosslinks 

n the properties of collagen. To elucidate the impact of newly 

ormed crosslinks such as those generated from glycation, we pro- 

ose to use a tissue engineering approach to create collagen fib- 

ils and scaffolds that are structurally reminiscent of native colla- 

en (as found in tissue) without pre-existing crosslinks. These col- 

agen scaffolds have been used widely in clinical applications, in- 

luding skin [38] , muscle [39] , tendon [40] , cornea [41] , and bone

42] . Fig. 1 b and 1 c present AFM images of a collagen fibril and

caffold that both have been engineered using this approach from 

 solution of neutralized single collagen molecules (from rat tails 

or scaffold and human placenta for single fibrils) and compared 

o native rat tail tendons from which the single collagen molecules 

re extracted ( Fig. 1 d). In vitro collagen fibrils’ length and diam- 

ter, vary depending on growth conditions (pH, temperature, and 

onic strength) and are typically smaller (in diameter) than those 

ound in tissue (collagen single fibril diameter:284.54 ± 31.0 nm, 

ollagen scaffold fibril diameter: 121.25 ± 17.22 nm, rat tail fibril 

iameter: 269.2 ±5.6 nm). Based on the results of a turbidity test, 

t has been determined that the self-assembly of collagen occurs 

n three phases; (a) lag phase, in which collagen fiber precursors, 

.g., dimers and trimers form and turbidity does not change, (b) 

rowth phase where collagen fibrils are formed; the collagen solu- 

ion becomes turbid and the turbidity increases with time, and (c) 

 plateau phase in which turbidity stops increasing [43] In vitro , 

his fibrillogenesis results in the formation of stable collagen fibrils 

n which the collagen monomers are held together by weak hy- 

rogen interactions as there are no mechanisms ab-initio to gener- 

te covalent crosslinks in between these collagen monomers. From 

 tissue engineering approach, the two most important structural 
186 
arameters for collagen fibrils are the presence of the character- 

stic D-banding periodicity along the long axis of the fibrils com- 

ined with a homogeneous cylindrical aspect of the fibrils [ 44 , 45 ].

nder appropriate conditions, collagen molecules self assemble to 

orm microscopic fibrils, fibril bundles, and macroscopic fibers that 

xhibit D-banding periodicity indistinguishable from native colla- 

en fibers [44] . These features can be readily observed on all the 

amples’ images in Fig. 1 . The presence of D-banding on the fib- 

ils acts as structural markers for intact and native collagen as 

ound in native tissues [46] . There have been several studies in- 

estigating the link between variation in the D-banding periodic- 

ty and pathology or tissue damage. For example, collagen fibrils 

ith diminished or nearly absent D-periodic banding and irregular 

ross-sectional profiles of collagen fibrils have been found in the 

ermal tissues of patients with diseases like Ehlers-Danlos Syn- 

rome (EDS IV) and spontaneous coronary artery dissection (sCAD) 

47–50] . Localized variation in the shape of the D-banding was re- 

orted in some abnormalities like arthrogryposis, renal dysfunc- 

ion and cholestasis (ACR) syndrome [51] . Finally, local mechanical 

tress changes have been associated with variations in D-banding 

eriodicity [52] reinforcing the requirement for tissue engineering 

pproaches to ensure the presence of D-banding periodicity of the 

brils when preparing collagen scaffolds. 

.2. Modulating collagen glycation 

Among the reducing sugars, the most reactive sugar in the body 

s MGO (50,0 0 0-fold more reactive than glucose), which makes it 

n important glycating agent despite the overall low MGO concen- 

ration found in tissue. MGO is formed as a by-product of glycol- 

sis, degradation of glycated proteins, and lipid peroxidation and, 

nder physiological circumstances, detoxified by the glutathione- 

ependent glyoxalase defence system. Therefore, in aging and di- 

betes, where the glutathione level is decreased in tissues, MGO 

oncentration would increase. In general, MGO is predominantly 

ssociated with diabetes [53] and its associated pathologies. How- 

ver, the extensive review by Talukdar et al. in 2009, concluded 

hat it has not been proven that MGO by itself significantly con- 

ributes to the suggested deleterious effects on the host. How- 

ver, MGO can provide both antimicrobial and anti-cancer ef- 

ects [54] to affected tissues. In humans, the MGO levels have 

een determined in plasma and in tissues of healthy individuals 

t ∼60-250 nM and ∼1–5 μM, respectively [ 55 , 56 ]. MGO forms

GE residues in proteins largely on arginine residues and, to a 

uch lesser extent, lysine. The major MGO-derived AGE is MGO- 

erived hydroimidazolone 1 (MG-H1) (90% of all MGO adducts) 

esulting from the reaction between MGO and arginine amino 

cids. Some of lysine-derived AGEs are 1,3-di(N-lysino)-4-methyl- 

midazolium (MOLD), N ε-carboxymethyl-lysine (CML), and N-(1- 

arboxyethyl)lysine (CEL). Also, Methylglyoxal-Derived Imidazolium 

rosslink (MODIC) is an arginine-lysine-derived AGE [57] . 

Since MGO is one of the major glycation agents in vivo and 

apidly induces the formation of AGEs in vitro (in a manner of 

ours and days), we functionalized the scaffolds with MGO by 

ncubating them in PBS solution, containing 10 mM, 25 mM, 50 

M, and 100 mM MGO for 3 days (corresponding to a 4 to 6- 

old increase in the order of magnitude when compared to the 

ative concentration of MGO in humans). To detect the formation 

f MGO-derived crosslinks directly on the collagen, we performed 

TR-FTIR. In Fig. 2 a-i, microATR-FTIR spectra of non-glycated and 

lycated with 100 mM MGO collagen scaffolds are displayed and 

ompared before any baseline correction. Fig. 2 a-ii shows the car- 

ohydrate region (The spectra were purposely positioned such that 

he collagen band at 1204 cm 

−1 and the baseline at 950 cm 

−1 

re aligned.). This proper comparison of the spectra in this re- 

ion shows differences which are entirely due to the increased ab- 
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Fig. 2. Confirmation of AGE-mediated crosslinking formation . (A-i) Representative infrared spectra of non-glycated (red) and glycated with 100 mM MGO (blue) collagen 

scaffolds spectra obtained from micro-ATR-FTIR images (before baseline correction) and presenting an enhancement of the carbohydrate double band (sugar) intensity (1032 

& 1082 cm 

–1 ) in the glycated sample. (a-ii) The carbohydrate region (baseline correction) (a-iii) The carbohydrate region for both the 10 mM MGO (red) and 100 mM 

MGO (blue); (b) Time-dependent autofluorescence profiles of control and glycated collagen scaffolds over a 3-day incubation period. Timepoint data are presented as Mean 

autofluorescence measured ± SD ( n = 3); (c) Representative fluorescence lifetime decays of control and glycated collagen scaffolds (zoomed into the first 10 ns of the decay); 

(d) Mean ( ± SD) fluorescence lifetimes of collagen scaffolds (TauA: average lifetime calculated from the two fastest fitted decay components; TauB: average lifetime calculated 

from all three fitted decay components) ( n = 6). (e) Histograms presenting levels of MGO-derived MG-H1 (Mean ( ± SD)) quantified by competitive ELISA ( n = 3). Statistical 

significance ∗∗P < 0.01, ∗P < 0.05 defined using One-way ANOVA with Tukey-test. 
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orbance in the sugar region. The carbohydrate double band peak- 

ng at 1080 cm 

–1 and 1031 cm 

–1 has a larger amplitude in the 

lycated scaffold spectrum with respect to the control one (non- 

lycated collagen scaffold). This enhanced intensity in the carbo- 

ydrate double band (sugar) is associated with the accumulation 

f glycation products in the MGO-treated sample. Fig. 2 a-iii shows 

he carbohydrate region for both the 10 mM MGO and 100 mM 

GO. Interestingly, we cannot detect any increase in the intensi- 
187 
ies of the sugar bands as a function of glycation between the 10 

M MGO and 100 mM MGO. At both these concentrations, the in- 

ensity of the sugar bands remains identical suggesting that there 

s no infrared absorbance dependency with the concentration of 

GO-mediated end-products formed. This result is consistent with 

oy et al. [27] study showing an increase in the sugar band in the 

TIR spectra between control and glycated samples, without a sig- 

ificant difference between the two levels of glycation used. 
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To further confirm the formation of MGO-derived AGEs into the 

caffolds, we measured the autofluorescence of the glycated colla- 

en scaffolds. As presented in Fig. 2 b, glycated scaffolds showed an 

xponential time-dependent and dose-dependant increase in AGE- 

ssociated fluorescence (340/420 nm) when compared to the con- 

rol sample (non-glycated). For example, the 100 mM MGO sample 

xhibited approximately five-time higher fluorescence signal after 

 days of incubation compared to the control (Control: 4031 ±284 

s. 100 mM MGO: 19997 ±1549 RFU). It is also interesting to note 

hat the control sample increases its autofluorescence over time 

hich is likely due to the presence of glucose in the MEM used 

s part of the collagen-neutralizing process. The fluorescence of 

he glycated scaffolds tends to plateau at 72 h suggesting that the 

lycation reaction may have been completed (or slowed down) by 

hat time. It is, in fact, anticipated that MGO-derived crosslinks 

orm in a few hours up to a few days [20] . The results found in our

pproach correlate with other studies, demonstrating an increase 

n collagen autofluorescence as those reported in collagen gel in- 

ubation with glucose-6-phosphate(G6P) [58] and tendons of dia- 

etic animals [59] . Based on our results, FTIR could be used to fin-

erprint newly formed crosslinks and fluorescence could be used 

o quantify fluorescent-specific crosslinks. 

In parallel, we explored how the fluorescence lifetime of the 

lycated collagen decreased as a function of the MGO concentra- 

ion increase. Time-resolved fluorescence profiles of glycated col- 

agen scaffolds indicated that the fluorescence intensity decayed 

aster (shorter lifetime) with increasing MGO concentration, as 

hown in Fig. 2 c. The mean fluorescence lifetimes, as presented in 

ig. 2 d, were calculated subsequently using Eqs. (1) and (2 ). We 

ound that as the MGO concentration increased, both τA and τB 

alues decreased from 2.73 ns (control) to 2.33 ns (100mM MGO) 

or τA and from 3.32 ns (control) to 2.75 ns (100 mM MGO) for 

B . Since the fluorescence lifetime is an intrinsic property of a flu- 

rophore and is not influenced by fluorophore concentration [60] , 

he reduction in the fluorescence lifetime of different glycated scaf- 

olds can be explained through the formation of different fluores- 

ent species or AGEs in our case. This decrease in lifetime val- 

es demonstrates that new crosslink species formation is depen- 

ent on the MGO concentration. In a similar approach, Fukushima 

61] measured both τA and τB values in ribose-glycated collagen 

caffolds. Interestingly, they found that τA did not decrease as a 

unction of glycation and suggested that the decrease in τB was 

ssociated with the formation of AGEs. The values of τB and its 

rend measured by Fukushima et al., as a function of glycation is 

n good agreement with the values found in our study. However, 

he values of τA found in our study are higher than that reported 

y Fukushima et al. This may be explained by the source of colla- 

en used in our respective experiments or by the species generated 

rom MGO when compared to ribose. 

However, not all MGO-derived AGEs are fluorescent, and mea- 

uring the presence of glycation end-products by autofluorescence 

nd FLIM measurements underestimates the amount or types of 

GEs present in collagen. The MGO-derived AGEs can be classi- 

ed into either a fluorescent or nonfluorescent group based on 

heir ability to emit fluorescence. For example, argpyrimidine is an 

GE by-product belonging to the fluorescent AGEs group while im- 

dazolones are nonfluorescent AGEs [57] . To further quantify the 

ormation of MGO-derived AGEs, we employed competitive ELISA 

or MG-H1. As presented in Fig. 2 e, the assay showed a dose- 

ependent exponential increase in the MGO-derived AGEs forma- 

ion of glycated scaffolds. 100 mM MGO produced 2.56 μg/ml MG- 

1 in 100 μg/ml collagen scaffold samples. Since our competitive 

LISA measurement targeted the MGO-derived hydroimidazolone 1 

MG-H1) which accounts for 90% of all MGO adducts, we can con- 

rm that our glycation process can be used to form MGO-derived 

GEs in vitro . 
s

188 
.3. Effect of glycation on cell viability 

While many reports that AGEs cause inflammation and ROS in 

ivo due to interactions with RAGE receptors on cells, less is known 

bout the implication of such crosslinking approach to modu- 

ate collagen scaffolds properties in-vitro and especially the post- 

lycation cytocompatibility. To monitor whether the MGO concen- 

rations used in this study cause cytotoxicity or not, cell viability 

fter seeding NHDF cells on collagen scaffolds, using calcein-AM 

nd EthD-1 staining (Live/Dead® assay) at 1, 3 and 5 days after 

eeding was studied. 

Qualitative image data were analyzed by particle counting anal- 

sis in order to define the relative proportion of calcein-AM la- 

elled cells and labelled nuclei within scaffolds at each time point. 

fter 1 day, the viable cell density within glycated and non- 

lycated scaffolds was similar and more than 97% ( Fig. 4 ). All scaf-

olds contained a high density of calcein-AM labelled cells with 

ery limited EthD-1 labelled cell nuclei. Glycated scaffolds exhib- 

ted a mild reduction in viable cell density after 3 days of seeding. 

fter 5 days, the presence of dead cells remained almost the same 

s on day 3. The percentage of dead cells was lower in control scaf- 

olds compared to glycated scaffolds at days 3 and 5 ( p < 0.05). 

enerally, the glycated collagen scaffolds exhibited more spread- 

ut conformations than the non-glycated collagen scaffold. After 5 

ays all cells appeared in good viability (92.05% ± 1.47% to 97.86% 

1.04%)). Cell viability was above 90% for all groups regardless of 

hether the cell substrates had been glycated. Therefore, it is safe 

o conclude that our glycation process does not induce any cell cy- 

otoxic reactions within 5 days of culture. However, we did not 

heck for altered cell expression/function and increased expres- 

ion of inflammatory signalling as a result of glycating the collagen 

ubstrate. There is debate in the literature that an AGE-receptor 

RAGE) binds only to circulating AGEs [62] . In our case, any un- 

eacted MGO or unbound AGEs were thoroughly rinsed off before 

ny cell culture experiments to avoid such interactions. 

.4. Water sorption in glycated collagen (H 2 O/D 2 O exchange) 

It has been demonstrated that AGEs have a hydrophilic attrac- 

ion with the interstitial water present within the collagen fibrils 

63] . While tightly bound water molecules are known to stabilize 

he triple helix by participating in the H-bond backbone, intersti- 

ial water is responsible for maintaining the mechanical stability of 

ollagen fibrils. A reduction or absence of interstitial water leads to 

n increase in the brittle behaviour of the collagen fibrils [64] . In 

ollagen, AGEs contain hydrogen bond donors and acceptors that 

ind to water molecules, and this interaction is thought to be one 

f the mechanisms to withhold the water within the fibrils. We ex- 

lored the phenomenon of water sorption in our collagen scaffolds 

s a function of MGO glycation by using H 2 O/D 2 O exchange. 

To screen the hydrophilic interactions between the AGEs formed 

nd interstitial water (present in the collagen fibrils) by deutera- 

ion, we saturated our glycated samples in D 2 O for 48 h prior to 

ecording their infrared spectra to ensure that their original inter- 

titial H 2 O content was replaced with D 2 O. D 2 O does not inter- 

ct with any hydrophilic groups present in the collagen that was 

reated as a result of the glycation. The vibrational bands of liq- 

id D 2 O are 2625 cm 

−1 , 2418 cm 

−1 and 1210 cm 

−1 [65] . Spec-

ra recorded after 48hr exposure of scaffolds to D 2 O are shown 

n Fig. 3 a. All the spectra have been normalized to the amplitude 

f the amide I band which allows a direct comparison between 

he spectra recorded in the presence of H 2 O and D 2 O [66] . The

 2 O/D 2 O exchange spectra indicate that during the soaking period 

 2 O naturally displaced H 2 O as demonstrated by the very strong 

 2 O absorbance band observed at 2418 cm 

−1 . As soon as the D 2 O-

aturated collagen sample had been mounted on the ATR crystal, 
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Fig. 3. Effect of glycation on cell viability Normal human dermal fibroblasts were cultured on different glycated collagen scaffolds over a period of 5 days. (a) LIVE/DEAD 

viability/cytotoxicity stained cells observed using confocal laser scanning microscopy. Scale bar = 100 μm. (b) Percentage viability of cells over 5 days measured by cell 

counter analysis. Statistical significance ∗P < 0.05 defined using One-way ANOVA with Tukey-test. 

Fig. 4. H 2 O/D 2 O exchange in glycated collagen . (a) Representative time series of ATR infrared spectra from control and glycated collagen scaffolds mounted directly on the 

ATR window of the FTIR spectrometer and undergoing D 2 O/H 2 O exchange for 50 min. The arrows present the direction of the intensity changes of the respective bands as 

a function of the D 2 O/H 2 O exchange. Spectra were normalized to the Amide I and plotted using the resultant normalized amplitude in an arbitrary unit of absorbance; D 2 O 

absorbance band: 2418 cm 

−1 , H 2 O absorbance band: 3200 cm 

−1 . (b) Representative graphical representation of the time-dependent rate of H 2 O sorption and D 2 O evaporation 

for glycated and control collagen scaffolds. Data points represent the area below the H 2 O and D 2 O stretch bands respectively. For H 2 O sorption and D 2 O evaporation, the 

data profiles were fitted with exponential growth and decay fits respectively (R 2 > 0.95). 

189 
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Table 1 

Rate of H 2 O sorption and D 2 O evaporation. Rates are calculated from the exponential term of the fitted 

plot in Fig. 3 b and presented as mean (Normalised Peak Area over time) ± SD ( n = 3). One-way ANOVA 

with Tukey-test ( P < 0.05) showed statistical differences between different groups of MGO concentra- 

tions. 

Rate [NPA.min −1 ] 10 mM MGO 25 mM MGO 50 mM MGO 100 mM MGO 

D 2 O evaporation 0.0106 ± 0.0004 0.0126 ± 0.0004 0.0120 ± 0.0008 0.0134 ± 0.0012 

H 2 O sorption 0.074 ± 0.002 0.130 ± 0.004 0.180 ± 0.004 0.213 ± 0.008 
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he D 2 O started evaporating (in ambient conditions) and the H 2 O 

resent in the ambient air was absorbed by the collagen sample 

s a result of the hydrophilic nature of glycated collagen. This was 

onfirmed by recording a rapid decrease in the intensity of D 2 O 

bsorbance at 2418 cm 

−1 while the intensity of the H 2 O band at 

200 cm 

−1 increased over the same period. The rates at which 

 2 O is replaced by atmospheric H 2 O can be measured by monitor- 

ng the area of the residual intensity of the H 2 O absorbance peak 

ear 3200 cm 

−1 and D 2 O absorbance peak near 2400 cm 

−1 as a 

unction of time. Rates of H 2 O sorption and D 2 O evaporation are 

resented in Table 1 . As shown in Fig. 3 b the rate of D 2 O evap-

ration remained independent of the level of glycation present in 

ach scaffold. This result confirmed that there are no chemically 

avourable mechanisms to withhold D 2 O within the collagen scaf- 

old (glycated or not) as D 2 O does not interact with the hydrophilic 

roups engineered through the glycation process. However, the 

ate of water sorption varied accordingly to the level of glycation 

resent in the collagen scaffold as measured by the Normalised 

eak Area (NPA) over time. As such, the water sorption rate in- 

reased from (0.074 ± 0.002 NPA.min 

−1 ) for the 10 mM MGO 

lycated scaffold to (0.213 + /-0.008) NPA.min 

−1 for the 100 mM 

GO glycated scaffold. One-way ANOVA with Tukey-test ( p < 0.05) 

howed a statistical difference between different groups of MGO 

oncentrations. The water sorption of the glycated scaffold did not 

lateau even after 50 min of “drying” on the ATR crystal. This indi- 

ated that the complete rehydration of glycated collagen (by H 2 O) 

s not a rapid process. On the contrary, the rehydration of the con- 

rol collagen (non-glycated) reached a plateau after 20 min as pre- 

ented in Fig. 3 b. This means that our glycated collagen samples 

ould absorb more water over a longer period of time. the rehydra- 

ion of the control collagen (non-glycated) reached a plateau after 

0 min. From these experiments, it is quite clear that the MGO gly- 

ation process impacts directly the water contents in collagen [67] , 

nd the interaction between collagen and the amount of absorbed 

ater is a function of AGE formation. This outcome is supported 

y our original study in which we showed that collagen with 

iboflavin-mediated crosslinks (compared to non-crosslinked col- 

agen) retained water for a long time upon dehydration, suggest- 

ng that crosslinks influence the collagen-water interaction [12] . In 

nother study using a combination of molecular simulations and 

xperimental work we showed that in older tendon tissue, the 

resence of AGEs increases hydration and the free water content 

round the collagen molecules [23] . Previously we proposed that 

he increased water content in collagen resulting from glycation 

ay act as an adaptive response to the loss of highly hydrophilic 

yaluronic acid (HLA) and glycosaminoglycan (GAG) as part of the 

atural aging process in our skin [63] . Here using a new method, 

e showed the superior water retention capacity of MGO glycated 

ollagen scaffolds. 

.5. Structural and mechanical response of glycated collagen 

As mentioned before, collagen molecules can self-assemble in 

itro , under appropriate conditions, into microscopic fibrils and 

acroscopic fibers with a D-banding periodicity of 64-67 nm that 

re structurally reminiscent of native collagen fibers. Atomic force 
190 
icroscopy (AFM) imaging was carried out on control and glycated 

caffolds (as presented in Fig. 5 x-i) and single fibrils (presented in 

ig. 5 x-iii). In all samples, collagen fibrils with D-banding can be 

learly observed. In the control scaffold, the orientation of the fib- 

ils appears to be random. This is one of the characteristics of plas- 

ically compressed collagen which has been widely reported [68–

0] . 

To explore the localized registration of fibrils, we performed a 

ast Fourier Transform analysis of our control and 100 mM MGO 

FM images, as presented in ( Fig. 6 ). Although one can observe 

ome local linear aggregation of collagen fibrils on the 10 ×10um 

mage of 100 mM MGO, the FFT cannot detect any preferential 

lignment. Indeed the resultant FFT of the entire image displays 

he first order as an almost complete circle for both control and 

00 mM MGO ( Fig. 6 b). This suggests that over the 10 ×10um area,

ollagen fibrils remain randomly distributed. However, as we zoom 

n on areas of collagen fibrils and perform FFT analyses on those 

reas, we can readily observe the change in the FFT first order of 

00 mM MGO zoomed areas. In some areas (7 and 8, e.g.), the first 

rder appears as a small arc rather than an almost complete cir- 

le suggesting that the fibrils are more uniformly orientated over 

hat area. In contrast, performing this analysis on zoomed areas of 

ur control sample did not yield any small arc as found for our 

lycated samples. This result suggests that glycation can promote 

ery localized alignment and registration of collagen fibrils [71] . As 

he concentration of MGO increased, we observed a more promi- 

ent formation of larger collagen aggregates ( Fig. 5 x-ii) spanning 

cross the entire image and measuring between 10 to 20 μm long. 

he glycation process is promoting the formation of collagen bun- 

les or early collagen fascicles through the interaction of neigh- 

ouring fibrils sidechains with MGO-induced AGEs. These MGO- 

nduced AGEs increase the registration of neighbouring collagen 

brils leading to the formation of a homogeneous collagen sheet, 

hich is reminiscent of collagen in the dermis. Fig. 5 x-iii show 

he AFM images of control and glycated individual collagen fibrils. 

he characteristic D-banding is clearly visible in both control and 

lycated images. Fibril diameters and D-banding of control and gly- 

ated scaffolds are shown in Table 2 . As presented no significant 

tructural or morphological change has happened after glycation 

t the fibrillar level. The process of glycation does not alter the 

orphology of the fibrils (in the dry state). Despite reports of in- 

reasing in hydrated fibril diameters as a function of glycation [72] , 

his effect was not investigated in this study. 

For both in vivo and in tissue engineering applications, colla- 

en is defined by its biomechanical properties in terms of load- 

earing and tensile strength [73] . To evaluate the impact of gly- 

ation on the mechanical properties of collagen at both the sin- 

le fibrils and scaffold level, we employed AFM nanoindentation 

ith a sharp probe (2 nm and 8 nm nominal tip radius for single 

brils) in ambient condition, whilst ensuring that all indentations 

ere performed on the overlap region of the collagen fibril’s D- 

anding periodicity and the deformations were purely elastic with 

o permanent deformation of the samples. Fig. 7 a and 7 b show 

he compressive elastic modulus of the collagen (as a function of 

lycation) for individual collagen fibrils (within a scaffold) and for 

ingle (isolated) collagen fibrils (not formed in a scaffold). 
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Fig. 5. Representative AFM topological images of control and glycated collagen recorded in ambient conditions presenting: (i) the scaffold mesoscale architecture, (ii) fibrillar 

details in the scaffold, and (iii) mono-dispersed single collagen fibril. The presence of the D-banding periodicity on the engineered collagen is evident through the images 

and a localized fibril registration can be observed as a function of glycation. 

Fig. 6. Fast Fourier transform analysis . ( a) AFM of 10 ×10 μm image of control and 100 mM MGO and, (b) FFT of 10 ×10 μm images (c) FFT of representative 2 ×2 μm zoom-in 

images of randomly selected locations of part (a). The first-order appearance as an arc suggests that the fibrils are more uniformly orientated over the zoomed area of 

glycated sample. 

Table 2 

Fibril diameters and D-banding of control and glycated scaffolds. Diameters are presented as Median ±
SD ( n = 100 over 3 scaffolds for each group) and D-bandings are presented as Mean ± SD. There was no 

significant difference between the different groups ( P > 0.05). 

Control 10 mM MGO 25 mM MGO 50 mM MGO 100 mM MGO 

Diameter (nm) 121.2 ± 17.2 104.2 ± 17.4 107.6 ± 17.1 115.3 ± 11.2 107.2 ± 16.2 

D-banding (nm) 64.4 ± 2.9 64.6 ± 0.5 64.2 ± 2.7 66.2 ± 3.7 66.3 ± 2.2 
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The compressive elastic modulus for (non-glycated) collagen 

brils (within a scaffold) was found to be (3.53 ±0.06 GPa). This 

alue is in good agreement with earlier results reported in the 

iterature [74–76] . Upon glycation (10mM MGO), the compressive 

lastic modulus of fibrils within the scaffold started increasing re- 

pectively to 4.60 ±0.06 GPa, but as the concentration of MGO in- 

reased, a bimodal distribution of elastic moduli became apparent. 

nterestingly, the median values of these distributions decreased 

s the MGO concentration increased. This bimodal distribution re- 

ults from the presence of hydrophilic AGEs in the collagen fibrils. 
191 
lycation is the reaction of carbonyl groups from reducing sugars 

ith free amino groups of lipids and proteins to form a Schiff base, 

hich itself undergoes a time-dependent rearrangement to form a 

table Amadori product. For this product to form, several condi- 

ions must be met, including the co-location of arginine and lysine 

esidues in a confined space [77] and the diffusion of a reduced 

ugar at that location. This implies that collagen fibrils must expe- 

ience interstitial fluid exchange to ensure the intra-fibrillar diffu- 

ion of the reduced sugars. From a structural point of view, the for- 

ation of the stable Amadori product requires the lysine and argi- 
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Fig. 7. AFM nanomechanical characterization of control and glycated collagen fibrils . Frequency distributions of compressive elastic modulus of control and glycated collagen 

fibrils in (a) the scaffold (The red and blue lines in 50 mM MGO and 100 mM MGO are related to the Gaussian fitting). and (b) mono-dispersed in ambient conditions and 

collagen scaffolds in (c) ambient and (d) hydrated conditions. The number of indentations in each group has been proportionalized to 300. The distributions were fitted 

(R 2 > 0.95) with Gaussian distributions to calculate the Median of each distribution. Insets demonstrate the location of the indentation measurements on typical collagen 

scaffolds. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 

Recapitulative table of elastic modulus values for control and glycated collagen scaffolds. Values are presented as Median ± SD and were 

obtained by fitting the frequency distribution presented in Fig. 7 . The values with different superscript labels (letters) for each collagen 

indentation group (column) are significantly different ( P < 0.05). 

Collagen scaffold Fibrils (In a scaffold) [GPa] Single Fibrils [GPa] Bulk (Dried) [MPa] Bulk (Hydrated) [kPa] 

Control 3.53 ±0.06 a 0.81 ±0.01 a 338.44 ±0.07 a 75.30 ±1.63 a 

10 mM MGO 4.60 ±0.06 b 1.25 ±0.02 b 291.33 ±0.01 b 113.14 ±3.47 b 

25 mM MGO 4.36 ±0.04 ab 1.02 ±0.03 c 391.36 ±0.02 c 130.63 ±1.70 c 

50 mM MGO Peak 1 : 2.23 ±0.08 Peak 2 : 4.07 ±0.11 ac 0.91 ±0.00 d 593.25 ±0.01 d 131.77 ±3.03 d 

100 mM MGO Peak 1 : 2.39 ±0.13 Peak 2 : 4.23 ±0.59 ab 0.88 ±0.01 d 651.44 ±0.02 e 151.66 ±2.39 e 
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ine residues (for example) from neighbouring molecules to come 

n very close contact with one another. As the initial Schiff base 

ndergoes the time-dependent re-arrangement, the distance be- 

ween the original residues also changes due to the complexity and 

tructure of the Amadori product formed [77] . On the other hand, 

s the Amadori product is formed, it becomes hydrophilic lead- 

ng to the soft binding of interstitial water as previously demon- 

trated. This now increases the intermolecular distance between 

he residues even further [ 23 , 67 , 77–79 ]. This means that the glyca-

ion process induces first an increase in the density of the collagen 

bril (Schiff base undergoing the time-dependent re-arrangement) 

ollowed by a decrease in the fibril density (hydrophilicity of the 

madori product formed). This variation in the density of the fib- 

ils was confirmed by a mechanical indentation on individual col- 

agen fibrils. As such the compressive elastic moduli of collagen 

brils decreased (i.e. decrease in density) as the concentration of 

GO glycation increased as presented in Table 3 . This trend of in- 

rease and decrease in elastic moduli was also found in the case of 

lycated isolated collagen fibrils ( Table 3 ). The compressive elastic 

odulus of (non-glycated) isolated collagen fibrils was found to be 

0.81 ±0.01 GPa) which is remarkably lower than the elastic modu- 

us for (non-glycated) collagen fibrils (within a scaffold) which was 

ound to be (3.53 ±0.06 GPa). This notable difference arises from 
192 
he different sources and protocols used to engineer the collagen 

tself between these two samples as both values have already been 

onfirmed elsewhere [30] . Finally, it has been suggested that the 

lteration of collagen residue side chains by non-enzymatic glyca- 

ion chemistry causes significant disruption of the collagen molec- 

lar conformation, leading to variations in the mechanical prop- 

rties of the glycated collagen fibrils [80] . While glycation of col- 

agen is associated with the tensile stiffening of the fibril, here 

e demonstrated that collagen fibrils’ compressive modulus is re- 

uced. While others have attributed this change in mechanical 

roperties to the misalignment of the flexible regions of the con- 

tituent collagen molecules, we explored the role of interstitial wa- 

er in glycated collagen. 

.6. Mechanical response of glycated collagen as a function of 

re)hydration 

To evaluate the effect of hydration on the mechanical properties 

f glycated collagen, two sets of measurements were performed: 

rst, in an air-dried environment, then after 10 min of rehydra- 

ion in PBS. Here, we used a large spherical probe (micrometre- 

ize spherical tip; r = 2 μm) to measure the elastic modulus of the 

lycated collagen scaffold as a function of hydration. AFM mea- 
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Fig. 8. Explanatory schematic of the fibrils and scaffold elastic responses as measured by AFM indentation . The interaction of (a) a nanometer-size and (b) a micrometre-sized 

spherical AFM cantilever tip with collagen scaffold surface. A nanometer-sized tip is used to apply a compressive force to the contact surface, but using a micro-sized beaded 

cantilever, the collagen fibrils are subjected to both a compressive load and a tensile load. �E c denotes the composite compressive modulus exerted on a single fibril, 

whereas �E t denotes the composite tensile modulus exerted on a single fibril. Arrows represent the direction of the force exerted on the sample. 
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urements have shown that level of hydration changes collagen 

echanical properties ( Fig. 7 c and 7 d) [ 81 , 82 ]. Like others, we

ecorded a very large decrease (5 orders of magnitude) in the 

lastic moduli of the control scaffolds upon hydration (E s-dry = 

38.44 ±0.07 MPa and E s-wet = 75.30 ±1.63 kPa). This remarkable 

ecrease in the elastic modulus is once again associated with a 

hange in the density of the collagen scaffold as previously demon- 

trated. Upon glycation of the scaffolds, the elastic moduli of both 

he hydrated and dried samples follow the same increasing trend 

s shown in Table 3 . This is an expected outcome as it is widely

ccepted that the process of glycation increases the stiffening of 

ollagen. Yet, we found that the elastic moduli found for the colla- 

en scaffolds (despite increasing) are lower than the value of elas- 

ic moduli of its constituent collagen fibrils. 

To understand this, one ought to review the size in the indenter 

n relation to the mechanical measurement performed. The inden- 

ation of the collagen using a sharp or beaded tip measures the 

ifferent mechanical properties of the same samples. In the case 

f a sharp tip (tip diameter <<< fibril diameter), the indentation 

ycle penetrates only a few nanometers into the fibrils (rule of 

0%) [83] . This means that during that indentation, the compres- 

ive elastic modulus of the fibrils is measured. If the tip size is 

ncreased (tip diameter >>> fibril diameter), then the indentation 

ycle penetrates the scaffold rather than individual fibrils to mea- 

ure the compressive elastic modulus of the scaffold. While the in- 

ented area in the former is the body of a single collagen fibril, 

he indented region in the latter denotes a representative area of 

he scaffold containing several fibrils as well as other constituents 

nd potential pores between them. As such, the former yields the 

echanical properties of individual collagen fibrils within the scaf- 

old, whereas the latter renders those of the scaffold as a compos- 

te material. 

Establishing a relationship between the compressive elastic 

oduli of the fibrils and of the scaffold is non-trivial. However, it 

s safe to assume that upon the indentation cycle using a larger 

eaded cantilever, the collagen fibrils in the immediate contact 

rea between the bead and sample are being subjected to both a 

o

193 
ompressive load and a tensile load as presented in Fig. 8 . Thus, 

he scaffold compressive modulus is made of at least two mechan- 

cal components associated with the tensile and compressive elas- 

ic moduli of fibrils [84] and a poroelastic component [85] associ- 

ted with reversible capillary effects. Since the compressive elas- 

ic modulus of the fibrils decreases as a function of glycation, we 

an then conclude that it is the composite tensile elastic mod- 

lus of the collagen fibrils that is predominantly responsible for 

he increase in the compressive modulus of the scaffold. There are 

umerous reports confirming the increase in tissue stiffening as- 

ociated with the reactions between glucose and collagen which 

eads to the formation of advanced glycation end-products as the 

ne described here [ 86 , 87 ]. The macroscopic definition of elastic 

odulus as an intrinsic material property that is independent of 

ize sometimes fails at nanoscale or microscale dimensions, where 

he moduli of materials might not only differ but also can become 

ize-dependent as observed in this study. 

.7. Enzymatic degradation susceptibility 

Collagen is resistant to nonspecific proteinases and is suscep- 

ible to only a small number of specific collagenolytic enzymes. 

acterial collagenases and vertebrate collagenases (Matrix metallo- 

roteinases (MMPs)) are the two main proteinases capable of de- 

rading collagen. Bacterial collagenase unlike MMPs makes multi- 

le scissions along the collagen α-chains leading to the generation 

f multiple small fragments [88] . Defining the mechanism of col- 

agen enzymatic degradation is important for understanding the 

hysiological processes (e.g., wound repair and remodeling) and 

athological conditions (e.g., scarring and metastasis) affecting the 

CM [89] . Collagen enzymatic degradation depends on different 

actors such as collagen intermolecular crosslinks, concentration, 

nd type of collagenase, and collagenase solution physiochemical 

actors like pH and temperature [90] . The enzymatic degradabil- 

ty of the collagen scaffolds was evaluated by a bacterial collage- 

ase (Clostridium Histolyticum Collagenase (CHC)) and the effect 

f crosslinking on the rate of degradation was studied at 37 °C un- 
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Fig. 9. Time-lapse digital imaging (7X) of control and glycated collagen scaffold undergoing enzymatic degradation by Clostridium histolyticum collagenase (CHC) . Times are denoted 

in minutes as ‘min’ and hours as ‘hrs’. 
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il complete degradation was observed by time-lapse digital imag- 

ng. Visual inspection revealed that glycated scaffolds by 100 mM 

GO exhibited the highest resistance to enzymatic degradation, 

hile non-glycated scaffolds exhibited the least resistance to enzy- 

atic degradation ( Fig. 9 ). The non-glycated scaffold was degraded 

ntirely after 100 min exposure to collagenase. Crosslinking sig- 

ificantly slowed degradation in comparison to control. Complete 

egradation for 10 mM MGO, 25 mM and 50 mM MGO collagen 

caffolds was observed after 100 min, 160 min, and 450 min, re- 

pectively. For 100 mM MGO scaffold, complete degradation took 

pproximately 3 days. To show that the reduction in area is due to 

xposure to collagenase rather than dissolution or shrinkage, a 100 

M MGO sample was incubated in Tris-HCl buffer. There was no 

eduction in the area in the sample even after 6 days. 

As the surface area is plotted over time ( Fig. 10 a), it can be

bserved that collagen scaffolds are degraded over time follow- 

ng a sigmoidal degradation pattern. The initial slow degradation 

hase is followed by a rapid phase transition of the fibril (gela- 

inization – fibrils fragmentation). We can therefore assert that 

he enzymatic degradation is not a linear degradation process and 

hat the tissue (here collagen) does both mechanically and struc- 

urally fail before the complete digestion of the matrix. Different 

egions were empirically defined based on the shape of the fit- 

ed sigmoidal curve – namely the start of degradation, the onset 

f degradation, the phase transition, and the completed degrada- 

ion. The slope of the phase transition and onset of degradation 

start point of rapid degradation) can be used to compare the rate 

f degradation in different samples which are reported in Table 4 . 

he phase transition observed in the sigmoidal curve is reminis- 

ent of the pattern of degradation of collagen under heat denatu- 

ation [91] in which the collagen suddenly denatures (gelatinizes) 
194 
t 65 ºC following an early onset of degradation at 58 ºC. The on-

et of degradation measured here increased significantly as a func- 

ion of MGO exposure reaching up to 39.6 h for the 100 mM MGO 

roup. This is an increase of over 85x in terms of resistance to 

nzymatic degradation for the collagen scaffold. The phase tran- 

ition rate also demonstrates the increased resistance to degrada- 

ion of the glycated collagen as the rate measured during the phase 

ransition decreased by 2 orders of magnitude as the glycation in- 

reased. We can therefore conclude that glycation not only slows 

own the initiation of collagen degradation, but it also slows down 

he rate at which it occurs. To understand this, it is important to 

onsider the role of MGO-induced AGEs in collagen. As discussed 

reviously, these crosslinks bind two adjacent collagen molecules 

ovalently. As the bacterial collagenase attacks the collagen fib- 

ils, it non-specifically cleaves the superficial collagen molecules 

eading to the loosening and collapsing of the fibrillar structure. 

his is evidenced in the AFM topology images of the scaffolds 

ecorded post-degradation as presented in Fig. 10 b. Other studies 

ave also demonstrated a decrease in collagen degradation rates 

s a result of crosslinking [ 89 , 92 ]. It has been shown that sev-

ral residues involved in AGE crosslinks are binding sites for col- 

agenase which prevents collagenase from engaging, resulting in 

ecreased collagen affinity for collagenase [ 90 , 93 ]. The presence 

f MGO-induced AGE crosslinks partially inhibits this degradation 

echanism by preventing the loosening of the fibrillar morphology 

y providing mechanical reinforcement between the attacked col- 

agen molecules themselves. This suggests that the accumulation of 

GO-induced AGEs crosslinks acts as an internal scaffold within 

he fibril supporting the fragmented surface collagen molecules. 

owever, the fibril eventually collapses when too many collagen 

olecules have been cleaved. 



M. Vaez, M. Asgari, L. Hirvonen et al. Acta Biomaterialia 155 (2023) 182–198 

Fig. 10. Enzymatic degradation susceptibility . ( a) Representative collagen scaffolds enzymatic degradation plots obtained by measuring the reduction in the scaffold surface 

area as a function of time. A is the start of the degradation point; B is the onset of the degradation point and C is the almost completed degradation point. The plots were 

fitted with a sigmoidal curve (R 2 > 0.95). (b) Representative AFM topological images of control and glycated collagen scaffolds obtained at specific time points of A, B and C. 

Insets demonstrate fibrillar details in each image. The error bars represent 500 nm. 

Table 4 

Degradation rate of collagen scaffolds by bacterial collagenase (CHC). Values are presented as Median ± SD ( n = 3). The 

values with different superscript labels (letters) for each collagen group (column) are significantly different ( P < 0.05). 

Collagen scaffold Onset of degradation Phase transition rate [ δ% Area/min] Time of complete degradation 

Control 28.98 ± 7.12 min a 0.19 ± 0.05 a 100 min 

10 mM MGO 47.43 ± 2.73 min b 0.13 ± 0.02 a 100 min 

25 mM MGO 92.55 ± 2.17 min ab 0.06 ± 0.01 ab 160 min 

50 mM MGO 280.90 ± 8.56 min c 0.01 ± 0.00 bc 450 min 

100 mM MGO 39.6 ± 2.89 h d 0.002 ± 0.00 bcd ∼ 3 days 
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AFM images of degraded scaffolds show a clear decrease in fib- 

il diameter and slowly fading off the D-banding over time. Be- 

ore degradation, there are intact fibrils with clear D-banding and 

hrough degradation, a reduction in fibril diameter is observed. At 

he final stages of degradation, there is no evidence of banding pe- 

iodicity, just an amorphous mass on the surface with remaining 

ragments of collagen fibrils (images not shown). In our approach, 

e demonstrated that we could modulate the rate of degradation 

ith in vitro glycation which will be of service for tissue engineer- 

ng and clinical applications in the future [ 94 , 95 ]. The main lim-

tation of this approach arises from the inability to measure the 

hickness of the scaffold and relying solely on measuring the radial 

ecrease of our scaffold. Also, detecting degradation by observing 

 reduction in the surface area of the scaffold implies a significant 

reakdown in the scaffold. Thus, this method may not be sensi- 

ive to conditions in which the scaffold does not break down as 

ollagen fibrils are cleaved. However, since the literature indicates 

hat collagen degradation always occurs from the edge towards the 

enter (in fibrils or scaffolds) [88] , we remain confident that this 

c

195 
pproach will be of use to the scientific community. This method 

s a true non-contact and non-disruptive method to assess colla- 

en scaffold enzymatic degradation. It is worth mentioning that 

he complex in vivo degradation due to cells and other enzymes 

annot be entirely replicated through in vitro enzymatic degrada- 

ion assay. 

. Application toward tissue engineering 

While the development of collagen scaffolds f or clinical appli- 

ations is a sustained area of research in tissue engineering, re- 

earchers have not yet been able to recreate a truly biomimetic 

issue. Different approaches are often taken depending on whether 

he development is focussed on either cell-based engineering on 

he collagen layer or structural collagen scaffold engineering strate- 

ies. Although both strategies ought to lead to clinical applica- 

ions, the collagen fibrillogenesis quality control appears different 

or both these approaches. In fact, few cell-based studies are con- 

erned with the presence of D-banding periodicity on the colla- 
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en fibrils often used as a cell substrate. This is particularly impor- 

ant since cellular phenotypes are modulated by their environment 

96] in which collagen morphology plays an important part. Here, 

e observed that collagen can present unique morphologies, rang- 

ng from a D-banded fibrillar matrix to a gelatinized amorphous 

ayer. Our quality control started by ensuring that our collagen 

as indeed in the form of a D-banded fibrillar matrix. Combin- 

ng the ongoing effort for achieving a high level of collagen align- 

ent with a crosslinking method promoting fibril bundle forma- 

ion would offer a realistic method to engineer biomimetic liga- 

ents and tendons. A second limitation related to the engineer- 

ng of collagen scaffolds is the reduced biomechanical properties 

f the scaffold created in relation to the tissue to be modeled 

r repaired [97] . This has been a long-standing problem in tissue 

ngineering and various solutions have been brought forward to 

rosslink collagen. While the recent review by Adamiak [98] dis- 

usses a more recent approach to collagen crosslinking using glu- 

araldehyde, genipin, EDC-NHS, dialdehyde starch, chitosan, tem- 

erature, UV light, and enzymes, the in vitro endeavour to increase 

he mechanical properties of collagen dates back many decades as 

xemplified by early work from Siegel who used highly purified Ly- 

yl Oxidase to crosslink chick bone collagen fibrils [99] . The litera- 

ure accounts for three types of polymerization techniques that can 

einforce the collagen structure: physical, chemical, and enzymatic 

rosslinking, but it is omitting to include glycation as a potential 

echanism for reinforcing collagen. Yet, the use and formation of 

dvanced glycation end-product crosslinks are routinely used in 

he case of clinical treatment of keratoconus— the most common 

egenerative dystrophy where the cornea loses mechanical stabil- 

ty. In our approach, we demonstrated how we can harness the 

apid and highly efficient collagen crosslinking potential of MGO. 

he concentrations used in our approach exceeded by several or- 

ers of magnitude the native concentration found in an aging indi- 

idual, yet we engineered crosslinks that natively exist in the hu- 

an body. Using this approach, we managed to modulate the gly- 

ation mechanism to confer heightened mechanical and proteolytic 

egradation resistance to collagen scaffolds that are structurally 

eminiscent of native tissues. Through this approach, we also over- 

ome one of the most challenging issues related to the tissue en- 

ineering of collagen scaffolds, namely the rapid matrix turnover. 

sing our crosslinking approach, we increased by a factor of 85x 

he resistance to enzymatic degradation of our collagen scaffolds. 

his has a tremendous application towards collagen-based mem- 

ranes [100] for guided bone regeneration (GBR) in both dentistry 

nd orthopedics [ 101 , 102 ]. Despite their widespread use in clini- 

al medicine and dentistry, commercially available guided bone re- 

eneration membranes present significant drawbacks that can af- 

ect the new bone formation resulting in delayed or compromised 

ealing. These drawbacks are well-known amongst practitioners 

nd include weak mechanical strength, rapid degradation, or non- 

egradation of the membrane. The GBR membrane’s biocompati- 

ility has been largely achieved by using collagen as a base scaf- 

old. However, the tuning of the turn-over of these collagen-based 

embranes still poses a significant unmet clinical challenge that 

an be overcome through controlled glycation as presented here. 

inally, the major advantage of a controlled glycation approach 

o enhance the properties of collagen scaffolds resides in the in- 

reased affinity of the glycated collagen with water. In vivo , colla- 

en is mostly co-localized with water-binding glycans. The affin- 

ty between collagen and water is essential for matrix homeosta- 

is and is related to the abundance and location of these glycans. 

hile the engineering of collagen-glycans is possible, it is harder 

o modulate the physical properties of the collagen in the presence 

f such glycans as these molecules tend to surround the entire col- 

agen fibrils. Thus, our approach once more proves promising in 

inding water within the collagen fibrils which would increase the 
196 
atrix homeostatic properties even in the absence of engineered 

lycans. 

. Conclusion 

For the last three decades, collagen has been used, engineered, 

nd modified to create new scaffolds for tissue engineering and 

linical applications. As the fundamental mechanisms governing 

he formation and remodeling of collagen both in vitro and in vivo 

re being uncovered, new approaches are being developed to har- 

ess these mechanisms to engineer these collagen scaffolds with 

ncreased biomimeticity. Harnessing glycation is a challenge as it 

s often associated with pathological conditions in humans. Yet, 

he crosslinking chemistry of AGEs offers many advantages in tis- 

ue engineering compared to more synthetic approaches. Here, we 

howed how we could use a rapid-reacting reduced sugar to mod- 

fy both collagen scaffolds and fibrils by conferring unique biophys- 

cal and biochemical properties. Understanding the mechanism of 

lycation on the biophysical and biochemical properties of colla- 

en was made possible only because our starting collagen scaffolds 

id not possess any covalent intermolecular crosslinks. The prop- 

rties evaluated were: well-defined collagen ultrastructure at both 

bril and scaffold levels, formation of fibril bundles, increased scaf- 

old stiffness without increasing the individual fibril stiffness, the 

ncreased affinity of collagen to water, and finally modulation of 

he collagen resistance to proteolytic degradation. While our study 

onsidered only one source of AGEs, reduced sugars are numerous 

s they accumulate in our bodies as we age. This study demon- 

trates how we can redeploy our understanding of collagen bio- 

hysical and biochemical properties toward the in vitro design of 

ollagen scaffolds with biomimetic properties. 
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