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a b s t r a c t 

Fibrillar collagens and glycosaminoglycans (GAGs) are structural biomolecules that are natively abundant 

to the extracellular matrix (ECM). Prior studies have quantified the effects of GAGs on the bulk mechani- 

cal properties of the ECM. However, there remains a lack of experimental studies on how GAGs alter other 

biophysical properties of the ECM, including ones that operate at the length scales of individual cells such 

as mass transport efficiency and matrix microstructure. This study focuses on the GAG molecules chon- 

droitin sulfate (CS), dermatan sulfate (DS), and hyaluronic acid (HA). CS and DS are stereoisomers while 

HA is the only non-sulfated GAG. We characterized and decoupled the effects of these GAG molecules on 

the stiffness, transport, and matrix microarchitecture properties of type I collagen hydrogels using me- 

chanical indentation testing, microfluidics, and confocal reflectance imaging, respectively. We complement 

these biophysical measurements with turbidity assays to profile collagen aggregate formation. Surpris- 

ingly, only HA enhanced the ECM indentation modulus, while all three GAGs had no effect on hydraulic 

permeability. Strikingly, we show that CS, DS, and HA differentially regulate the matrix microarchitecture 

of hydrogels due to their alterations to the kinetics of collagen self-assembly. In addition to providing in- 

formation on how GAGs define key physical properties of the ECM, this work shows new ways in which 

stiffness measurements, microfluidics, microscopy, and turbidity kinetics can be used complementarily to 

reveal details of collagen self-assembly and structure. 

Statement of Significance 

Collagen and glycosaminoglycans (GAGs) are integral to the structure, function, and bioactivity of the ex- 

tracellular matrix (ECM). Despite widespread interest in collagen-GAG composite hydrogels, there is a lack 

of quantitative understanding of how different GAGs alter the biophysical properties of the ECM across 

tissue, cellular, and subcellular length scales. Here we show using mechanical, microfluidic, microscopy, 

and analytical methods and measurements that the GAG molecules chondroitin sulfate, dermatan sul- 

fate, and hyaluronic acid differentially regulate the mechanical, transport, and microstructural properties 

of hydrogels due to their alterations to the kinetics of collagen self-assembly. As such, these results will 

inform improved design and utilization of collagen-based scaffolds of t ailored composition, mechanical 

properties, molecular availability due to mass transport, and microarchitecture. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The composition and assembly of the extracellular matrix 

ECM) is vital to the maintenance of tissue as these properties reg- 
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Fig. 1. Characterization scheme for collagen-based hydrogels. Collagen was sup- 

plemented with different GAGs (hyaluronic acid, chondroitin sulfate, or dermatan 

sulfate) and assayed for indentation stiffness (mechanical), hydraulic permeability 

(transport), confocal reflectance microscopy (microarchitecture), and turbidity (ag- 

gregate formation). . 
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[  
late cell signaling cues and solute and fluid transport [1] . Fibril- 

ar type I collagen is the most abundant protein in the ECM [2] .

n addition to collagen, glycosaminoglycans (GAGs) are integral to 

he structure and function of the ECM and connective tissue [ 3 , 4 ].

AGs are complex and intrinsically highly negatively charged (or 

nionic) polysaccharide molecules that can modulate the bioac- 

ivity of the ECM through non-covalent interactions with other 

olecules. Such examples include altering the structural proper- 

ies of fibrillar collagen [ 5 , 6 ] and locally immobilizing growth fac-

ors and chemokines [7] through electrostatic-driven interactions. 

ome properties of GAGs, such as expression quantity, molecular 

eight (MW), and post-translational modifications (e.g., changes in 

ulfation patterns), may be altered in diseased tissue [8] . 

Among the GAG types, hyaluronic acid (HA), chondroitin sulfate 

CS), and dermatan sulfate (DS) are the most prevalent in the body 

9] . These GAGs have been shown to be upregulated in patholo- 

ies characterized by an overabundance of fibrous connective tis- 

ue or desmoplasia such as cancer and fibrosis [10–13] . HA is the 

nly non-sulfated GAG and its disaccharide repeating unit is com- 

osed of d-glucuronic acid and N-acetyl-d-glucosamine [14] . Unlike 

ther GAG molecules, whose negative charges are attributed to sul- 

ated groups, the negative charge of HA is due to its d-glucuronic 

cid groups [15] . The anionic property of HA is conducive for its 

ropensity to imbibe fluid and swell [ 16 , 17 ]. The MW of HA usu-

lly exceeds 100 kDa [ 9 , 14 ]. CS contains repeating disaccharide 

nits of d-glucuronic acid and N-acetylgalactosamine. CS and DS 

re stereoisomers and therefore have similar structures except for 

he d-glucuronic acid component in CS being changed to l-iduronic 

cid in DS [18] . Free CS and DS also have comparable ranges for

heir MWs (CS = 5–50 kDa; DS = 15–40 kDa) [14] . Like HA, the

resence of CS and DS in the ECM alters tissue swelling, fluid re- 

ention, and cell signaling [19–21] . Unlike HA, CS and DS are found 

redominantly as chains covalently linked to core proteins to form 

roteoglycans [ 19 , 22 ]. 

Reconstituted collagen hydrogels are widely used by tissue en- 

ineers, materials scientists, and biologists to recapitulate in vitro 

he physical features of native in vivo tissue [23] . Most of the phys-

cal and structural properties of collagen hydrogels are controlled 

y the architecture formed by the mesh of fibers [ 24 , 25 ]. Fiber

ssembly of collagen is a forward forming entropic reaction that 

s controlled by pH and temperature [26] . GAGs have also been 

sed to modify the collagen polymerization kinetics and tune the 

esultant fiber properties of composite hydrogels [ 23 , 27 , 28 ]. Al-

hough HA, CS, and DS have some similar functional character- 

stics, to our knowledge, it has not been determined experimen- 

ally whether these GAG molecules exert distinct changes to the 

hysical and structural properties of collagen matrices. In addition, 

rior experiments studying the mechanics of collagen-GAG com- 

osite gels tend to focus on bulk mechanical properties such as 

issue-level stiffness. However, cells respond to fiber level features 

uch as radius, density, alignment, and matrix pore size. These 

hysical properties of the ECM have been shown to mediate cell 

dhesion, clustering, and cancer cell invasion [29–33] . Recently, 

ur group showed that HA enhances interstitial flow-mediated an- 

iogenic sprouting through its alterations to collagen ECM stiff- 

ess and pore size in a microfluidic-based tissue analogue model 

34] . This result demonstrates the roles of ECM composition and 

hysical properties in controlling angiogenesis in the presence of 

iomolecular transport and fluid mechanical stimulation due to in- 

erstitial flow. Moreover, this example emphasizes the importance 

f investigating the collective effects of multiple ECM parameters 

n cell responses, rather than one aspect in isolation, such as ECM 

omposition or stiffness. 

The present study seeks to elucidate how the GAG molecules 

S, DS, and HA alter key mechanical, transport, and microstructural 

roperties of collagen hydrogels at a fixed collagen:GAG ratio. We 
117
mplement an integrated biophysical characterization scheme for 

ydrogels previously developed by our group to profile and decou- 

le ECM physical properties, including stiffness, hydraulic perme- 

bility, and microarchitecture, using mechanical indentation, mi- 

rofluidics, and confocal reflectance imaging, respectively ( Fig. 1 ). 

s expected, HA significantly increased the indentation modulus 

f collagen hydrogels while surprisingly both CS and DS had no 

ffect. Addition of CS, DS, and HA decreased hydraulic permeabil- 

ty of collagen-based hydrogels. Interestingly, while CS and DS had 

imilar effects on stiffness and hydraulic permeability properties 

f collagen hydrogels, these two stereoisomers exerted significant 

ifferences on the collagen matrix pore size, fiber radius, and total 

ber count. Moreover, we characterized collagen aggregate forma- 

ion with turbidity measurements, which revealed that CS, DS, and 

A differentially modify collagen polymerization kinetics. These re- 

ults provide an enhanced understanding of the behavior of colla- 

en assembly in the presence of different GAG constituents. This 

utcome enables improved design and utilization of collagen-based 

caffolds used for tissue engineering of tailored composition, me- 

hanical properties, molecular availability due to mass transport, 

nd microarchitecture. 

. Materials and methods 

.1. Preparation and casting of collagen hydrogels 

The collagen hydrogels used in the present study were prepared 

ollowing the manufacturers’ instructions. In brief, rat tail type I 

ollagen (300 kDa) stored in acidic solution (Corning Life Sciences) 

as neutralized to a pH of 7.4 using sodium hydroxide and a 10X 

hosphate-buffered saline solution. The final concentration of the 

ollagen was then adjusted to 3 mg/ml using Dulbecco’s modi- 

ed Eagle’s medium (DMEM). CS ( ∼30 kDa), DS ( ∼30 kDa), and 

A ( ∼400 kDa) were acquired from Millipore Sigma. For the GAG 

upplemented conditions, either CS, DS, or HA were dissolved in 

terile water to a concentration of 1 mg/ml and then added to col- 

agen during hydrogel preparation, thereby giving a final collagen- 

o-GAG ratio of 3:1. This ratio was selected based on previous lit- 

rature for physiological conditions: one example is the ratio of 

ollagen to HA in breast tumors, which range from 2.4:1 – 7.7:1 

 35 , 36 ]. Therefore, the collagen to HA ratio used for this study is in
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ine with levels observed in tumors. After mixing the constituents, 

he hydrogels were then incubated at 4 °C for 12 min to enhance 

ber formation [37] . The incubated collagen-based hydrogels were 

hen injected inside poly(dimethylsiloxane) (PDMS) microchannels 

hat were bonded to glass slides, PDMS wells, or 96 well-plates for 

heir respective assays ( Fig. 1 ). Subsequently, the hydrogels were 

laced in an incubator (37 °C, 5 % CO2 ) for 30 min. Finally, the gels

ere hydrated with DMEM and returned to incubator conditions 

or 48 h prior to data acquisition to ensure complete polymeriza- 

ion and equilibrium swelling conditions. 

.2. Stiffness analysis 

The mechanical stiffness of the hydrogels was measured after 

pplying a stress-strain relaxation technique adopted from Barocas 

t al. [38] . Briefly, a mechanical load testing instrument (Electro- 

orce 5500, TA Instrument) was used to indent hydrogels cast in 

 PDMS well (8 mm diameter; 3 mm in height) at a strain rate 

f 10 % per second. The indentation was done in a sequence of 

our incremental indentations—10, 20, 30, and 40 % strain—each 

ollowed by a 5-minute period of relaxation. Load readings cor- 

esponding to the peaks of 20, 30 and 40 % strain were used to 

etermine indentation stresses while considering the geometry of 

he indenter. Indentation modulus was calculated after plotting the 

tresses with their corresponding strain. The data was processed 

sing an in-house MATLAB code. To evaluate the contributions of 

oth the viscous and elastic components of the measured data, 

he relaxation following each indentation peak was fitted to a vis- 

oelastic model composed of two Maxwell elements (i.e., a spring 

n series with a dashpot): 

i 
total = E0 + Ei 

1 e
−t/τ1 + Ei 

2 e
−t/τ2 with τ j =

μ j 

Ei 
j 

, 

here Ei 
j 
are indentation modulus values, τ j are relaxation time 

onstants, μj are viscosity coefficients, and t is the relaxation time 

300 s for each step). For each indentation step, Etotal was com- 

uted and then fitted to the viscoelastic model. 

.3. Microfluidic hydraulic permeability measurement 

Hydraulic permeability or Darcy’s permeability is a characteris- 

ic of the matrix that relates interstitial fluid velocity with an ap- 

lied pressure gradient [39] . This measurement was used to char- 

cterize the convective transport properties of the collagen hydro- 

els. The hydraulic permeability was measured using a rectangu- 

ar microfluidic device (length: 5 mm; width: 500 μm; height: 

 mm) 48 h post hydrogel polymerization as previously described 

 27 , 40 ]. Briefly, a pressure gradient was created across the chan-

el by fitting a pipet tip filled with DMEM in one port of the 

icrochannel. The hydrostatic pressure gradient generates flow 

cross the hydrogel driven by the height difference between ports. 

he average velocity of the flow across this channel was then 

easured by using a fluorescent tracer, 65.5 kDa tetramethylrho- 

amine isothiocyanate−bovine serum albumin (TRITC-BSA, Milli- 

ore Sigma). Time-lapse epifluorescent microscopy images were 

aken every 5 s for 5–10 min (Nikon TS-100F, equipped with a Q- 

maging QIClick camera). A MATLAB algorithm was then used to 

stimate the hydraulic permeability (K) of the hydrogels calculated 

rom Darcy’s Law: 

 = v × μ × �L 

�P 
, 

here μ is the viscosity of the fluid (0.001 Pa s), �L is the length

f the microfluidic channel (5 mm), and �P is the hydrostatic pres- 

ure gradient across the hydrogel estimated using Pascal’s law: 

P = ρ × g × h, 
118
here ρ is the density of the fluid (10 0 0 kg/m3 ), g is the acceler-

tion due to gravity (9.81 m/s2 ), and h is the fluidic height differ- 

nce between the microfluidic channel ports. 

.4. Confocal reflectance microscopy for collagen fiber pore size, 

adius, number, and solid fraction analysis 

Confocal reflectance microscopy has been used to observe and 

haracterize the fibers of collagen without the need for fluorescent 

agging [24] . Consequently, subtle changes to collagen microarchi- 

ecture due to the addition of GAGs can be imaged and quanti- 

ed [27] . Collagen fibers contained within a PDMS microchannel, 

ere imaged using a Nikon A1R live-cell imaging microscope via 

 40 ×1.3 NA oil immersion lens. Exciting the collagen-based hy- 

rogels with a 487 nm laser and then passing the light through 

 40/60 beam splitter allowed a detector to collect the light for 

isualization of the collagen fibers. Eighty to ninety images were 

ollected per stack, each with a z-step of 0.59 μm. 

The acquired confocal reflectance stacks were analyzed using a 

ustom MATLAB code developed by our group [27] . The software 

etermined the fiber radii and pore size of the collagen hydro- 

els. Fiber radii were measured after skeletonizing the stacks in 

-D using the Skeleton tool of NIH’s Image J Software. Total skele- 

on length was computed to estimate the radius of the fibers. Pore 

ize was estimated using nearest obstacle distance (NOD) method 

41] . 

To measure collagen solid fraction, the confocal z-stacks were 

inarized and threshold using ImageJ and processed in an in-house 

ATLAB code. Briefly, the fiber-occupied space was determined as 

aving a pixel value of “one” and any pore or void space was de- 

ermined as having a “zero” value. For fiber number, a fiber was 

etermined as any object occupying three pixels with a connecting 

ixel located at any sixteen possible adjacent face (spaces excluded 

re placed in the diagonal orientation). With the total fiber count 

nd pixel value pertaining to these fibers, solid fraction was de- 

ermined as the ratio of total pixel volume of fibers to total pixel 

olume (512 ×512 x number of stacks). 

.5. Turbidity assay 

Turbidity measurements track collagen aggregate formation by 

article light scattering, measuring absorbance as clear hydrogel 

olutions turn opaque during polymerization [28] . Collagen-based 

ydrogels for turbidity measurements were prepared as described 

bove. Afterwards, 100 μl of hydrogel solution was added to a pre- 

hilled flat bottom 96-well plate (VWR). The absorbance of the col- 

agen solutions was measured at 400 nm wavelength in an incu- 

ated (37 °C) plate reader (Tecan) until the hydrogel polymerized. 

eparate experiments were conducted to ensure CS, DS, and HA 

olutions independent of collagen did not lead to noise in the tur- 

idity measurements. Turbidity curves are sigmoidal and can be di- 

ided into three segments: 1) lag phase (or nucleation), 2) growth 

hase, and 3) plateau phase [42] . During the lag phase, turbidity 

s unchanged while during the growth phase turbidity rapidly in- 

reases before a plateau is reached as available collagen is depleted 

24] . 

Turbidity curves were fitted using a sigmoid growth curve 

 (x ) = L 

1 + e−k (x −x o)′ 

here x0 is the sigmoid midpoint, L equals the curve’s maximum 

alue, and k is the steepness of the curve. The lag time, inflection 

ime, time to plateau (or plateau time), and the rate of increase in 

he growth phase (kg), were calculated from the turbidity curves 

s previously demonstrated [42] . Lag time depicts the start of col- 

agen polymerization and was defined as the point at which the 



M. Cortes-Medina, A.R. Bushman, P.E. Beshay et al. Acta Biomaterialia 174 (2024) 116–126

fi

I

w

m

P

a

m

t

E

2

g

i

t

a

n

4

w

a

d

2

(

b

r

d

l

p

u

3

3

c

d

t

a  

n

(  

c

l

f

p

e

i

i

M

G

a

2

a

c

u

3

p

h

t

b

a

d

m

o

p

p

t

i

a

t

p

a

o

G

a

f

g

m

3

m

q

t

o  

C

n  

(

m

t

g

e  

(  

p

c

(

t

h

g

c  

fi

c

b  

I

c

1

f

e

p

t

3

p

p

t

e

c

o

d  

T

t of the first derivative curve increased 5 % over its initial value. 

nflection time represents the halfway point of polymerization and 

as defined as the time associated with the midpoint of the sig- 

oid curve (i.e., the time of max peak in first derivative curve). 

lateau time describes the end of gel formation and was defined 

s the time at which the first derivative curve reached 95 % of its 

aximum value, and kg was described as the linear portion be- 

ween lag time and plateau time ( Supplemental Figure 1 ). 

i 
total = E0 + Ei 

1 e
− t 

τ1 + Ei 
2 e

−t/τ2 

.6. Circular dichroism spectroscopy 

Collagen and collagen-GAG solutions were prepared as hydro- 

els and loaded on a transmission sample holder. Circular dichro- 

sm (CD) spectra were recorded using a J-815 Spectropolarime- 

er (Jasco Corporation, Japan) at Room temperature (23 °C) with 

 2 mm path length in the far UV region (180–240 nm) under 

itrogen. All measurements were averaged over 3 repeats with a 

-second data integration time and a 0.5 nm interval. CD data 

as further analyzed using Beta Structure Selection (or BeStSel), 

 freely accessible web server for protein secondary structure pre- 

iction and fold recognition [43] . 

.7. Statistical analysis 

Statistical analysis was conducted using analysis of variance 

ANOVA) followed by Tukey’s post testing for pairwise comparisons 

etween controls and collagen conditions with CS, DS, and HA. All 

esults shown are presented with error bars representing the stan- 

ard error of the mean (SEM). Each experiment was run with at 

east technical duplicates, with three sets of biological replicates 

ooled together for statistical evaluation. A p-value of 0.05 was 

sed as a threshold for statistical significance between results. 

. Results 

.1. Differential modification of the mechanical properties of 

ollagen-based hydrogels by CS, DS, and HA 

First, we determined the bulk mechanical properties of the 

ifferent hydrogel compositions by measuring the peak indenta- 

ion modulus using methods previously described by our group 

nd others ( Fig. 2A-B ) [ 27 , 38 ]. The indentation modulus was sig-

ificantly greater by 2.3-fold for the collagen + HA condition 

5.05 kPa) versus the collagen only condition (2.16 kPa) ( Fig. 2C ). In

ontrast, the indentation modulus for collagen + CS (2.35 kPa), col- 

agen + DS (2.60 kPa), and collagen only was not statistically dif- 

erent. While both CS, DS, and HA have been shown to resist com- 

ressive loading, our results suggest that HA—but not CS and DS—

xerts a dominant effect in the resistance to compression when 

ntegrated with fibrillar collagen-based hydrogels. Further analysis 

nto the relaxation conditions of the hydrogels via modeling with 

axwell elements ( Supplemental Figure 2 ), showed that while 

AGs impart different bulk mechanical properties, the materials 

re all relaxing within the same time scale ( Supplemental Figure 

 ). Recently it was reported that the relaxation of hydrogel materi- 

ls is pivotal in mediating cell motility and adhesion [44] . Notably, 

ollagen + DS and collagen + HA have a higher relaxation load 

nder strain when compared to collagen only conditions [38] . 

.2. CS, DS, and HA do not significantly alter the hydraulic 

ermeability of collagen-based hydrogels 

Next, we evaluated the convective transport properties of the 

ydrogels as these are dependent on ECM composition [27] . Mass 
119
ransport properties (i.e., convection and diffusion) influence cell 

ehavior by controlling physiologically important parameters such 

s shear stresses, chemical gradients, nutrient availability, and drug 

elivery [ 39 , 45 ]. Following a protocol developed by our group, a 

icrofluidic device was used to evaluate the effect of CS, DS, or HA 

n hydraulic permeability of collagen-based hydrogels. Hydraulic 

ermeability is a coefficient that describes the convective transport 

roperties of semiporous medium such as the ECM [46] . The addi- 

ion of either CS, DS, or HA to collagen hydrogels showed no signif- 

cant effects on hydraulic permeability when compared to collagen 

lone ( Fig. 3 ). Previous work from our lab attributed this outcome 

o the competing effects of increased fiber radius and increased 

ore size when adding HA to collagen matrices, which nullified 

ny changes in permeability due to increased HA content [27] . This 

utcome was supported by a past study that demonstrated that a 

AG-rich hydrogel led to decreased transport when compared to 

 collagen-GAG composite hydrogel [47] . In a collagen-GAG scaf- 

old, GAGs such as HA and CS tend to associate around the colla- 

en fibers and become excluded from the interstitial space which 

ay explain the nonsignificant change in permeability. 

.3. Differential effects of CS, DS, and HA on collagen matrix 

icrostructural properties and fiber content 

Next, we used confocal reflectance microscopy ( Fig. 4A ) to 

uantify how modifications to collagen polymerization kinetics led 

o differences in the collagen matrix microarchitecture parameters 

f fiber radius, pore size, solid fraction, and total fibers ( Fig. 4B-E ).

ompared to collagen only, collagen + DS and collagen + HA sig- 

ificantly increased fiber radius by ∼22 % ( + DS) and 12 % ( + HA)

 Fig. 4B ). Similarly, collagen + DS and collagen + HA increased 

atrix pore size by 24 % and 15 %, respectively, when compared 

o collagen only ( Fig. 4C ). Interestingly, and in contrast to colla- 

en + DS and collagen + HA, collagen + CS had no significant 

ffect in fiber radius ( Fig. 4B ), yet pore size decreased by 8.0 %

 Fig. 4C ) compared to the collagen only hydrogel. In Fig. 4D we

lot the solid fraction. The volume fraction of solids in fibrillar 

ollagen-based matrices are a property dependent on fiber radius 

 Fig. 4B ), fiber length, and number of fibers. When compared to 

he collagen only condition, collagen + CS and collagen + DS 

ad no significant effect on the solid fraction. In contrast, colla- 

en + HA had a significant decrease of ∼ 20 % in solid fraction 

ompared to collagen only ( Fig. 4D ). In Fig. 4E , we plot the total

ber count per z-stack as a measure of the number of fibers. The 

ollagen + CS matrix condition significantly increased total fibers 

y ∼ 14 % when compared to the collagen only condition ( Fig. 4E ).

n contrast, when compared to collagen only, collagen + DS and 

ollagen + HA significantly decreased total fiber count by 35 % and 

7 %, respectively. Interestingly, none of the modifications had ef- 

ects on fiber alignment ( Supplemental Figure 3 ). Notably, of the 

xperimental conditions, collagen + DS demonstrated the largest 

ercent change in fiber radius, pore size, and total fibers compared 

o the collagen only condition. 

.4. CS, DS, and HA differentially influence the rate of collagen 

olymerization 

Next, we employed a turbidity assay to evaluate how GAG sup- 

lementation affects the polymerization dynamics of collagen ma- 

rices by measuring optical density (OD) over time ( Fig. 5A ). Inter- 

stingly, while the maximum ODs during the plateau phase for the 

ollagen + CS, and collagen + DS conditions were within + /- 2.2 % 

f the collagen only condition, the OD for the collagen + HA con- 

ition was ∼ 13 % lower than the collagen only condition ( Fig. 5A ).

his outcome suggests that the collagen + HA condition has less 
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Fig. 2. Differential effects of CS, DS, and HA in altering hydrogel stiffness. A) Collagen solutions are cast on a PDMS well and subjected to stresses using indentation. B) 

Sample load readings of tested conditions. C) Only HA laden hydrogels led to increases in stiffness. Error bars denote SEM; NS is non-significant, ∗< 0.05, ∗∗< 0.01. 

Fig. 3. Hydraulic permeability measurements of GAG modified collagen matrices. 

A) Time-lapse microscopy is used to track a TRITC dye in a microfluidic channel to 

obtain the velocity of the flow. B) The addition of HA, CS, or DS does not decrease 

hydraulic permeability (K). Scale bar = 200 μm. Error bars denote SEM. NS is non- 

significant ANOVA for all conditions tested. 
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t

otal polymerized collagen fiber content compared to other ex- 

erimental conditions. This result also agrees with the solid frac- 

ion ( Fig. 4D ) and total fiber calculations ( Fig. 4E ). Further analy-

is of the polymerization kinetics showed that collagen + CS did 

ot change the lag time statistically compared to collagen only 

 Fig. 5B ), but significantly decreased the inflection time (495 s 

ersus 577 s, Fig. 5C ) and the plateau time (759 s versus 907 s,
120
ig. 5D , Supplemental Figure 4) . In contrast, when compared to 

ollagen only, collagen + DS significantly decreased the lag time 

296 s versus 348 s) and the inflection time (529 s versus 577 s) 

ut did not change the plateau time ( Fig. 5B - D ). Our results with

S and DS are in accordance with previous studies, which have 

hown that CS modifies collagen fiber microstructural properties 

 4 8 , 4 9 ]. 

Compared to the collagen only condition, collagen + HA sig- 

ificantly increased the lag time (420 s versus 348 s) but did not 

hange the inflection and plateau times ( Fig. 5B - D, Supplemental 

igure 4) . The observation that HA delays the lag phase of colla- 

en polymerization agrees with previous results, which suggested 

hat HA sterically impedes the aggregation of collagen molecules 

uring self-assembly [4] . Interestingly, collagen + CS resulted in a 

ignificant increase in the growth phase (kg), compared to collagen 

nly, collagen + DS, and collagen + HA conditions ( Supplemen- 

al Figure 1 ). These outcomes suggest that CS but not DS and HA 

romotes more rapid collagen fibrillogenesis compared to collagen 

nly conditions [50] . 

.5. CS, DS, and HA differentially alter the spectroscopic signal of 

ollagen 

Circular dichroism (CD) spectroscopy is primarily used to in- 

estigate the secondary structures of proteins [51] . It has been re- 

orted that fibrillar type I collagen has a unique CD spectral signa- 

ure of a strong negative ellipticity band between 200 and 210 nm 

nd a positive peak between 220 and 230 nm [52] . The negative 

and corresponds with collagen fibrillogenesis while the positive 

eak is associated with the canonical triple helical structure of col- 

agen [52] . Here we report changes in CD spectral shapes of col- 

agen due to the addition of the different GAGs. As expected, for 

he collagen only condition we observed a negative spectral band 

etween 200 and 210 nm and a positive spectral peak between 

20 and 230 ( Fig. 6A ). For the different collagen + GAG condi- 

ions, we observed differential shifts, both in the amplitude and 
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Fig. 4. Microstructural analysis of collagen-based hydrogels. HA and DS increase both matrix pore size and fiber radius, while CS leads to decrease in fiber pore size. A) 

Representative images of collagen fibers. B-C) Addition of DS and HA leads to increases in pore size and radius. D) HA decreased the solid fraction following processing of 

confocal images. E) DS and HA decreased the number of collagen fibers, while CS led to increased amounts of fibers when compared to collagen only. Scale bar = 50 μm. 

Error lines represent the SEM. Statistical significance denoted as NS is non-significant, ∗ < 0.05, ∗∗< 0.01, ∗∗∗ < 0.001, ∗∗∗∗ < 0.0 0 01. 
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he wavelength, at which the negative bands and positive peaks 

ccur ( Fig. 6A ). The CD spectra data was further analyzed with 

eStSel [43] (see Materials and Methods) to determine the percent- 

ge of common protein secondary structure elements, including al- 

ha helix ( Fig. 6B ), beta sheet ( Fig. 6C ), turn ( Fig. 6D ), and un-

rdered ( Fig. 6E ). Fig. 6B –E show that the CS, DS, and HA mod-

fy the collagen protein secondary structures differentially. Com- 

ared to collagen only, collagen + HA significantly increased the 

lpha helix content and decreased the beta sheet and unordered 

tructures. Collagen + DS increased the unordered structures sig- 

ificantly and decreased beta sheet structures when compared to 

ollagen only. Additionally, DS modestly increased the alpha he- 

ix content of collagen, but this change was not significant. Colla- 

en + CS significantly decreased beta sheet content and increased 

he unordered structures compared to collagen only. All three of 

he GAGs studied failed to alter the composition of turn structures 

hen compared to collagen only. 

. Discussion 

In the design and utilization of hydrogels for cell culture and 

issue engineering applications, it is essential to characterize the 

roperties that influence the compositional, mechanical, and struc- 

ural cues to cells. In this study, we quantified the biophysical 

roperties of collagen-based hydrogel systems using an integrated 

pproach that enabled independent measurements of key mechan- 

cal, transport, and microarchitectural characteristics. Our studies 

ocused on hydrogels comprised of physiological collagen-to-GAG 

atios. For all experiments, we used a fixed collagen concentration 

3 mg/ml) and compared outcomes of the addition of three differ- 

nt GAG types (CS, DS, and HA) that were also added at a fixed 

oncentration (1 mg/ml). Our results provide a uniquely detailed 
121
nderstanding of how the addition of different GAG types differ- 

ntially alter collagen polymerization kinetics that translate to dis- 

inct physical and structural properties of the ECM. These results 

ill aid researchers who aim to better understand the combined 

iological effects of multiple ECM parameters, such as composition 

nd biophysical properties, on cell behavior and function. 

Turbidity measurements enable temporal distinctions between 

he collagen and GAG conditions during hydrogel polymerization. 

he optical density of the absorbance measurements that corre- 

pond to the plateau in the sigmoid turbidity curves relates to 

he total collagen content present in fibril form [53] . Our turbid- 

ty measurements are supported by the microstructural features 

nd the collagen solid fraction present in the matrices studied. For 

nstance, the inflection and plateau times for collagen + CS were 

ignificantly decreased compared to collagen only. This result sug- 

ests that the addition of CS accelerated total collagen polymeriza- 

ion. More rapid collagen fibrillogenesis and fiber count due to CS 

ddition is further supported by increased kg during the growth 

hase (i.e., a greater slope between the plateau and lag time of the 

igmoidal curve). Examining the microstructural features, the sig- 

ificant increased total fiber count for collagen + CS, compared to 

ollagen only, also suggests that CS enhances collagen fibrillogen- 

sis. Thus, for collagen + CS, we observed increased fiber content 

ith reduced pore size and no change in fiber radius compared to 

ollagen only, which suggests that the addition of CS modifies the 

ength of collagen fibers or the total number of pores. 

For the collagen + DS condition turbidity measurements, we 

bserved decreased lag and inflection time compared to collagen 

nly. Shifts to the left of the sigmoid curve have been reported 

o be associated with accelerated fibrillogenesis [28] , which corre- 

ponds with fibril thickening [42] . This outcome is supported by 

he microarchitecture analysis for collagen + DS, where we ob- 
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Fig. 5. Turbidity measurements of collagen gel solutions. A) Addition of GAGs differentially affects the rate of collagen fibril polymerization in terms of B) Lag time, C) 

Inflection time, and D) Plateau time. While CS and DS enhance the rate of collagen fibril formation, HA hinders the rate of polymerization. Error lines represent the SEM 

( n > 9 per condition). Statistical significance denoted as NS is non-significant, ∗< 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001. 
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erved increased radius, and collagen solid fraction. Of the exper- 

mental conditions, collagen + DS exhibited the largest percent 

hanges compared to collagen only for the microstructural param- 

ters of fiber radius, pore size, and total fiber count. These re- 

ults suggest that the strengths in interactions between collagen 

nd DS manifest in quantifiable changes in microstructural prop- 

rties of the resulting collagen fiber network. Several studies have 

nvestigated GAG-protein interactions, including GAG-collagen in- 

eractions, using spectroscopy analysis [ 5 , 54 , 55 ]. It is believed that

-iduronic acid containing GAGs (DS and heparan sulfate) interact 

ore strongly with proteins than GAGs lacking l-iduronic acid (CS, 

A, and keratan sulfate) [ 56 , 57 ]. Specific to collagen, the confor-

ational flexibility afforded by l-iduronic acid residues facilitate 

ridging of anionic GAG molecules to basic, cationic regions of 

earby collagen molecules [ 54 , 57 ]. 

In the collagen + HA condition, although the addition of HA de- 

ays the start of collagen polymerization, the ratio between plateau 

ime and lag time is comparable to CS, which has the most rapid 

olymerization of the conditions tested. These results suggest that 

hile HA can sterically impede the start of collagen aggregation 

nd bundling, once hydrogel polymerization initiates, the process 

ccelerates. It is important to note that while HA increases fiber 

adius—denoting enhanced polymerization—it also decreases the 

otal number of fibers, which can explain why less time is needed 
122
or the hydrogel to fully polymerize. Recently, Martin et al., de- 

cribed the effects of the simple monosaccharides d-glucuronic 

cid, N-acetyl-d-glucosamine, and d-galactose in modifying colla- 

en assembly [58] . This study observed that either the presence 

f amide groups, or the charged nature of carboxylate groups as- 

ociated with the sugars (D-glucuronic acid), interact with water 

olecules on the surface of collagen monomers, thereby increas- 

ng the entropy change necessary for spontaneous collagen assem- 

ly. While this study did not investigate complete GAG chains, the 

esults provide a plausible explanation for the delay in collagen 

brillogenesis in the presence of HA. Since HA is composed of re- 

eated N-acetyl-d-glucosamine and d-glucuronic acid chains, the 

olecule is having a similar effect on collagen self-assembly com- 

ared to isolated sugars. Future work can focus on the entropy 

hanges caused by the addition of sulfated GAG chains like CS or 

S that impart a more negative charge [ 18 , 59 , 60 ], or the steric ex-

lusion effects of HA of different MWs and of the same charge den- 

ity [61] , to fully understand the influence of GAGs on the kinetics 

f collagen assembly. 

Structurally, CS, DS, and HA are similar anionic polysaccharides. 

S is known to have a higher water retaining capacity than HA, 

eading to ECM with significant swelling that contributes to load- 

earing behavior of CS-rich tissue such as cartilage [ 59 , 62 ]. How-

ver, of the conditions tested, only collagen + HA hydrogels exhib- 
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Fig. 6. Circular dichroism spectroscopy of collagen gel solutions. A) CS, DS, and HA produce distinct circular dichroism (CD) spectral signatures for collagen. CD spectra were 

collected from 180 nm to 260 nm wavelengths. Relative abundance of secondary structures, including B) Alpha Helix, C) Beta Sheet, D) Turn, and E) Unordered. Secondary 

structure information was generated using the BeStSel Tool (see Materials and Methods). 
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ted increased indentation modulus. Interestingly, this result was 

ot contingent on the solid collagen fiber fraction as the addition 

f HA led to decreases in both collagen solid fraction and total fiber 

ount. Our data suggests that HA promotes resistance to compres- 

ion presumably due to sustained swelling while being indented. 

or CS and DS, the collagen solid fraction increased when com- 

ared to HA; however, this failed to correlate with any changes 

o the indentation modulus. As CS, DS, and HA cause swelling in 

ollagen matrices, it was unexpected that only HA would lead to 

ignificant increases of the indentation modulus with no discern- 

ble link between fiber radius, total fiber count, and solid frac- 

ion. Nevertheless, it is notable that a previous study showed that 

nzymatic degradation of CS with chondroitinase did not change 

he compressive modulus of a collagen-CS gel [63] . In contrast, 

leaving HA with hyaluronidase significantly reduced the compres- 
123
ive modulus of a collagen-HA gel to the level of a collagen only 

 27 , 34 ]. Degradation of HA with hyaluronidase results in fragments 

f HA that are often less than 50 kDa and of comparable MW to 

ree CS and DS [64] . A recent study showed that enhancement of 

ollagen stiffness by HA is a MW-dependent process since the in- 

orporation of lower MW HA fragments (10–20 kDa) into the ECM 

id not increase the stiffness of a 2 mg/ml collagen + 2 mg/ml HA 

ydrogel [65] . In contrast, the addition of 100–150 kDa HA to colla- 

en led to significant increases in stiffness of the composite hydro- 

el [65] . Collectively, these results suggest that additional factors 

ay influence the mechanical behavior of collagen-GAG composite 

ydrogels: either experimental parameters (e.g., strain rate or level 

f confinement) or properties of the material tested (e.g., MW of 

AG constituent or degree of cross-linking of the biopolymer net- 

orks) [59] . 
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CD spectroscopy is a technique widely used in biochemistry to 

tudy the structure and interaction of proteins [ 52 , 66 ]. While CD

pectroscopy has been used to study the unique fibril spectrum 

f the different assembly stages and secondary structures of stan- 

alone collagen solutions [52] , here we present CD as a modal- 

ty for studying how GAGs modify the CD spectra of collagen. We 

bserved that CS, DS, and HA produce unique spectroscopic sig- 

als for collagen, which suggests that these GAGs affect the sta- 

ility and the secondary structures of collagen. It is increasingly 

vident that the coupling of collagen-GAG interactions with hydra- 

ion forces leads to changes in the physical properties of the hydro- 

els like pore size and modulus. For the collagen + HA condition, 

e observed a unique CD spectral signal that resulted in a signif- 

cant and pronounced increase in alpha helix structures compared 

o collagen only, collagen + CS, and collagen + DS conditions. 

ith our biophysical measurements, we also observed that colla- 

en + HA was the only experimental condition that produced an 

ncrease in modulus while also decreasing pore size. Thus, combin- 

ng CD spectroscopy with our biophysical characterization scheme 

nables unique insights into how protein secondary structures and 

olecular interactions may mediate the physical properties of dif- 

erent collagen-GAG hydrogels. 

Hydraulic permeability correlates to the drag imparted by the 

olid compartment of the ECM, with both fibrous and nonfibril- 

ar components contributing to hydraulic resistance [39] . Carman- 

ozeny and Happel describe hydraulic permeability further in 

erms of the geometry of the channel, the overall porosity, and 

he hydraulic radius of the ECM pores, all of which play a role in

efining permissiveness to fluid flow through semiporous matri- 

es [ 39 , 67 , 68 ]. For the collagen + HA condition, although pore size

nd fiber radius increased, the solid fraction and total fiber count 

ecreased; these competing effects help explain no net change 

n bulk hydraulic permeability of the gel. Similarly, DS led to in- 

reased pore size and collagen fiber radius, with decreased total 

ber count; however, solid fraction increased with DS suggesting 

hat there could be excess drag associated with increased colla- 

en content (either by a reduction in the number of pores or by 

ncreased fiber length). In contrast, CS decreased pore size and af- 

ected no change in fiber radius nor solid fraction compared to the 

ollagen only condition. Moreover, in a developing biopolymer net- 

ork, GAGs may associate around individual collagen fibers instead 

f occupying the interstitial space [47] . Therefore, while it is sur- 

rising that the addition of various GAGs did not affect overall hy- 

raulic permeability, all GAG-laden conditions modulated at least 

ne fiber property tied to hydraulic permeability. 

Despite observing no significant changes in hydraulic perme- 

bility of the hydrogel conditions tested, we believe that these 

ndings will still be very useful for experimental studies that fo- 

us on the effects of ECM GAGs on cellular responses, especially 

hen combined with other biophysical measurements such as mi- 

rostructural analysis. For instance, increases in the mean pore size 

f collagen only matrices may facilitate cancer cell invasion [29] . In 

ddition, collagen fibers that define the pore size are sufficiently 

eformable to support angiogenic sprouting of endothelial cells 

 69 , 70 ]. Thus, our findings suggest that the significant increases in

ollagen matrix pore size due to HA or DS addition may facilitate 

he initial extension and sustained elongation of multicellular pro- 

esses into matrix void spaces during cancer invasion or endothe- 

ial sprouting. Indeed, we previously reported that the addition of 

A to collagen ECM promoted angiogenesis in a microfluidic-based 

odel, however only in the presence of convective interstitial flow 

34] . Thus, modifications in the matrix pore size due to HA resulted 

n changes in interstitial flow induced-shear stress on endothelial 

ells, which promoted angiogenic sprouting. 

In the present study, we observed opposing effects of CS and 

S on collagen matrix pore size that are independent of changes 
124
n ECM stiffness. This novel finding points to future studies that 

ompare the roles of these two GAG stereoisomers on multicellular 

ancer cell invasion and angiogenic sprouting. Also of interest are 

he effects of CS and DS in the presence of interstitial flow as flow- 

nduced shear stress in a 3-D ECM strongly depends upon matrix 

ore size [71] . The utility of the hydraulic permeability measure- 

ents is that we can conclude that these changes observed in 

ndothelial sprouting were not dependent on changes in nutrient 

imitation, since hydraulic permeability was unchanged with the 

ddition of HA. Like HA, CS and DS have been shown to be up- 

egulated in diseased tissue, such as cancer, atherosclerosis, and fi- 

rosis [72] . Thus, we believe that the findings from this study will 

e instrumental for gaining a more complete understanding of the 

ontributions of the myriad of instructional cues to cells encoded 

y collagen ECM enriched with GAGs, especially in the presence of 

nterstitial flow conditions. 

We anticipate that the integrated characterization scheme for 

ydrogels presented here will have broad application for cell cul- 

ure and tissue engineering studies, especially ones using collagen- 

ased matrices. For example, we can readily characterize the bio- 

hysical, solid fraction, and turbidity properties of collagen-based 

atrices whose stiffness is modified independent of collagen con- 

entration using methods such as enzymatic or chemical cross- 

inking [73] , non-enzymatic glycosylation (or glycation) [74] , or 

on-enzymatic cross-linking of collagen/alginate hybrid gels [75] . 

oreover, we can also study modified collagen-GAG composite ma- 

erials, such as ones that utilize commercially available methacry- 

ated collagen and HA for covalent crosslinking used to slow down 

ydrogel degradation and enhance mechanical tunability [ 32 , 76 ]. 

owever, it is known that HA methacrylation not only changes hy- 

rogel bioactivity but alters collagen microstructure [77] . To our 

nowledge, such collagen-based matrices have not been widely de- 

loyed in microfluidic systems that combine controlled perfusion 

nd interstitial flow with real-time monitoring of cellular microen- 

ironments [46] . Thus, the approaches described here would help 

osition researchers to investigate the interplay between mechani- 

al and transport factors mediated by interstitial flow and ECM in 

rchestrating biological function. 

. Conclusions 

In this study, we employed an experimental framework that 

escribed the effects of the GAG molecules CS, DS, and HA in 

ifferentially modifying the properties of collagen-based matrices. 

ere, we find that the GAGs interact with the collagen fibers dur- 

ng polymerization that manifest in distinct ECM biophysical prop- 

rties. We observed significantly different effects of CS and DS 

n the radius of collagen fibers, matrix pore size, and total fiber 

ount. The distinctions between these two GAG stereoisomers on 

CM physical properties would not have been revealed if the stud- 

es were limited to indentation and microfluidic hydraulic perme- 

bility measurements only. Thus, the addition of different GAGs 

ot only alters the bioactivity of collagen-based matrices, but also 

hanges the mechanical and structural properties that define the 

reconditions for ECM-cell interactions. Our comprehensive and 

uantitative experimental platform for characterizing the struc- 

ural, mechanical, and optical properties of biopolymer networks 

nables a more precise understanding of the polymerization dy- 

amics of collagen-GAG composite hydrogels. Taken together, these 

esults facilitate an enhanced design of biomaterials for cell cul- 

ure and tissue engineering applications. Moreover, studies de- 

ailing the interrelation between compositional, microarchitectural, 

nd mechanical properties will allow for a fuller understanding 

f how cells and biophysical environments of the ECM function 

n integrated system to influence cell and tissue behavior and 

esponse. 
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