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A B S T R A C T   

Precise control of tissue water content is essential for ensuring accurate, repeatable, and physiologically relevant 
measurements of tissue mechanics and biochemical composition. While previous studies have found that saline 
and polyethylene glycol (PEG) blends were effective at controlling tendon and ligament hydration levels, this 
work has yet to be extended to the annulus fibrosus (AF). Thus, the first objective of this study was to determine 
and validate an optimal buffer solution for targeting and maintaining hydration levels of tissue-level AF speci
mens in vitro. This was accomplished by measuring the transient swelling behavior of bovine AF specimens in 
phosphate-buffered saline (PBS) and PEG buffers across a wide range of concentrations. Sub-failure, failure, and 
post-failure mechanics were measured to determine the relationship between changes in tissue hydration and 
tensile mechanical response. The effect of each buffer solution on tissue composition was also assessed. The 
second objective of this study was to assess the feasibility and effectiveness of using multi-phasic finite element 
models to investigate tissue swelling and mechanical responses in different external buffer solutions. 

A solution containing 6.25%w/v PBS and 6.25%w/v PEG effectively maintained tissue-level AF specimen 
hydration at fresh-frozen levels after 18 h in solution. Modulus, failure stress, failure strain, and post-failure 
toughness of specimens soaked in this solution for 18 h closely matched those of fresh-frozen specimens. In 
contrast, specimens soaked in 0.9%w/v PBS swelled over 100% after 18 h and exhibited significantly diminished 
sub-failure and failure properties compared to fresh-frozen controls. The increased cross-sectional area with 
swelling contributed to but was not sufficient to explain the diminished mechanics of PBS-soaked specimens, 
suggesting additional sub-tissue scale mechanisms. Computational simulations of these specimens generally 
agreed with experimental results, highlighting the feasibility and importance of including a fluid-phase 
description when models aim to provide accurate predictions of biological tissue responses. As numerous pre
vious studies suggest that tissue hydration plays a central role in maintaining proper mechanical and biological 
function, robust methods for controlling hydration levels are essential as the field advances in probing the 
relationship between tissue hydration, aging, injury, and disease.   

1. Introduction 

Water content is known to have a significant effect on tissue me
chanics across length scales [Costi et al., 2002; Screen et al., 2006; Han 
et al., 2012; Bezci et al., 2015; Żak and Pezowicz, 2016; Werbner et al., 
2019; Bloom et al., 2021]. Thus, buffer solutions have been used to 
maintain hydration levels during mechanical testing, achieve target 

water content values, and as treatment carriers for in vitro disease 
models [Skaggs et al., 1994; Acaroglu et al., 1995; Ebara et al., 1996; 
Screen et al., 2005; Lujan et al., 2009; Han et al., 2012; Isaacs et al., 
2014; Bezci et al., 2015; Żak and Pezowicz, 2016; Werbner et al., 2019; 
Werbner et al., 2021 (in review)]. Additionally, buffer solutions may be 
used for short-term tissue storage during sample preparation and to 
correct minor dehydration occurring during dissection, sample 

; AF, Annulus fibrosus; PEG, Polyethylene glycol; PBS, Phosphate-buffered saline; SPEG, Saline-polyethylene glycol blend; w/v, Weight/volume; FW, Fresh 
weight; DW, Dry weight; WC, Water content; EXP, Experimental; COM, Computational; CSA, Cross-sectional area. 
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preparation, or imaging [Galante, 1967; Skaggs et al., 1994; Pflaster 
et al., 1997; Costi et al., 2002; Pezowicz et al., 2005; Żak and Pezowicz, 
2016]. Precise control of tissue hydration levels is essential for ensuring 
accurate, repeatable, and physiologically relevant measurements of 
tissue mechanics and biochemical composition [Costi et al., 2021]. 

This is particularly important for joint-, tissue-, and sub-tissue level 
specimens that have been removed from larger, more constrained 
structures, as progressive dissection alters residual stresses and removes 
fluid-mediating barriers such as the cartilaginous endplate and longi
tudinal ligament. Thus, while ‘physiological saline’ (0.15M or 0.9%w/v 
phosphate-buffered saline, ‘PBS’) maintains intervertebral disc hydra
tion in vivo, removal of the vertebral bodies and cartilage endplates 
dramatically alters tissue boundary conditions, leading to excessive 
swelling in both the annulus fibrosus (AF) and the nucleus pulposus 
(Fig. 1) [Urban and Maroudas, 1981; Skaggs et al., 1994; Acaroglu et al., 
1995; Ebara et al., 1996; Pflaster et al., 1997; Han et al., 2012; Huyghe 
and Jongeneelen, 2012; Bezci et al., 2015; Bezci et al., 2020]. Further
more, when tissue-level specimens are removed from the whole disc, 
additional swelling occurs, with outer AF specimens approximately 
doubling in size when allowed to free-swell in 0.9%w/v PBS [Han et al., 
2012; Żak and Pezowicz, 2016; Werbner et al., 2019; Bezci et al., 2020]. 
This highlights the importance of developing solutions that maintain 
physiological hydration levels based on specific in vitro boundary con
ditions for a given experiment [Urban and Maroudas, 1981; Costi et al., 
2002; Lujan et al., 2009; Huyghe and Jongeneelen, 2012]. 

To this end, previous studies have used hyperosmotic saline and 
sucrose solutions in an attempt to maintain physiological tissue hydra
tion levels during long-duration mechanical testing experiments [Han 
et al., 2012; Bezci et al., 2015; Paul Buckley et al., 2016; Safa et al., 
2017]. These studies and others showed that hyperosmotic saline solu
tions cause significant solute diffusion into the tissue, altering the 
biochemical environment, potentially affecting measured mechanics, 
and artificially inflating tissue dry weights, which confounds calculation 
of normalized biochemical components [Davey and Skegg, 1971; Safa 
et al., 2017; Werbner et al., 2019, Bezci et al., 2020]. Previous studies 
found that large molecular weight hydrophilic polymers, such as poly
ethylene glycol (PEG), were effective at controlling tissue hydration 
levels without significant solute deposition, likely because the large 
molecular weight prohibits the molecule from diffusing into the tissue 
[Davey and Skegg, 1971; Katz and Li, 1973; Robinson, 1978; Sverdlik 
and Lanir, 2002; Lujan et al., 2009; Huyghe and Jongeneelen, 2012; Safa 
et al., 2017; Bloom et al., 2021]. In particular, solutions containing a 
mixture of saline and PEG have been shown to robustly control tendon 
and ligament hydration levels with minimal solute deposition [Lujan 
et al., 2009; Safa et al., 2017; Bloom et al., 2021]. 

This work has yet to be extended to annulus fibrosus, which expe
riences even greater alterations in boundary conditions and swelling 

capacity than tendon when tested at the tissue level. Additionally, pre
vious studies have not investigated the effects of such buffer solutions on 
tissue constituent composition after extended soak times, such as those 
required when using solutions as treatment carriers for disease-models 
(~18 h). Thus, the first objective of this study was to determine and 
validate an optimal buffer solution for targeting and maintaining hy
dration levels in tissue-level AF specimens. This was accomplished by 
measuring transient swelling behavior of bovine AF specimens in saline 
and PEG buffers across a wide range of concentrations. Sub-failure, 
failure, and post-failure uniaxial tensile mechanics were measured to 
determine the relationship between buffer solution induced changes in 
tissue hydration and tensile mechanical response. The effect of each 
buffer solution on tissue biochemical constituent composition was also 
assessed. Furthermore, despite theoretical and technological advances 
allowing computational models to describe tissue hydration and 
swelling, computational studies of the AF have not yet examined the 
effect of different external bath solutions on active tissue swelling and 
mechanical behavior, which is important to accurately match experi
mental testing conditions [Mow et al., 1980; Ateshian et al., 1994; 
Ateshian et al., 2004; Ehlers et al., 2009; Yang and O’Connell, 2018; Safa 
et al., 2020; Zhou et al., 2019, 2021]. Thus, the second objective of this 
study was to examine tissue swelling and mechanical response in 
candidate buffer solutions through computational simulation (multi-
phasic finite element modeling). Fresh-frozen bovine AF tissue was used 
as the control for swelling, mechanical, biochemical, and computational 
analyses. 

2. Methods 

2.1. Experimental testing 

2.1.1. Transient and equilibrium swelling 
Three fresh coccygeal spine sections from skeletally mature bovines 

(age ~18–24 months) were acquired from a local abattoir. Musculature 
was removed and discs were dissected from levels C2–C5 with a scalpel. 
Eight to ten middle-outer AF specimens were removed from each disc 
using a 4 mm biopsy punch and immediately massed to determine fresh 
tissue weight (‘FW’); care was taken to produce specimens of nearly 
equal mass (198 ± 19.7 mg). Specimens were randomized and soaked at 
room temperature in 5 ml of buffer solution (n = 4 samples per solution 
concentration). Candidate buffer solutions were created by mixing a 
range of concentrations of PBS and PEG (Table 1). In particular, three 
solution compositions were investigated at each of the following con
centration levels: 0.9, 5, 10, 15, and 20%w/v PBS (‘PBS1’-‘PBS20’, 
respectively); 5, 10, 15, and 20%w/v PEG (‘PEG5’-‘PEG20’, respec
tively), and one-to-one mixtures of 5, 10, 15, and 20%w/v PBS and 5, 
10, 15, and 20%w/v PEG (‘SPEG5’-‘SPEG20’, respectively). For 
example, SPEG10 was a mixture of equal parts 10%w/v PBS with 10% 

Fig. 1. As anatomically constraining boundary conditions are removed, tissue 
hydration increases from physiological to over-hydrated levels in isos
motic solutions. 

Table 1 
Weight/volume (w/v) and molar concentrations of buffer solutions: phosphate- 
buffered saline (PBS), polyethylene glycol (PEG), and saline-PEG blend (SPEG).  

Solution PBS Concentration PEG Concentration 

Name %w/v mol/L %w/v mmol/L 
PBS1 0.90 0.15 0.00 0.00 
PBS5 5.00 0.86 0.00 0.00 
PBS10 10.0 1.71 0.00 0.00 
PBS15 15.0 2.57 0.00 0.00 
PBS20 20.0 3.42 0.00 0.00 
PEG5 0.00 0.00 5.00 2.50 
PEG10 0.00 0.00 10.0 5.00 
PEG15 0.00 0.00 15.0 7.50 
PEG20 0.00 0.00 20.0 10.0 
SPEG5 2.50 0.43 2.50 1.25 
SPEG10 5.00 0.86 5.00 2.50 
SPEG15 7.50 1.28 7.50 3.75 
SPEG20 10.0 1.71 10.0 5.00  
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w/v PEG, resulting in a final concentration of 5%w/v PBS and 5%w/v 
PEG. All solutions were pH-balanced to 7.4. Solution compositions are 
detailed in Table 1. 

To provide insight into the transient swelling behavior, specimens 
were briefly removed from their solutions, blotted dry to remove surface 
liquid, and weighed periodically during 18 h of free swelling (TWx min =

transient weight at minute x). Swelling ratio was defined as the percent 
mass increase divided by the initial fresh weight (e.g., swelling ratio at 
120min = (TW120min-FW)/FW × 100). After 18 h of free swelling, 
specimens were massed and lyophilized to determine tissue dry weight 
(DW), which was used to calculate water content (WC) during the fresh, 
transient, and soaked states (e.g., WC120min = (TW120min-DW)/ 
TW120min). 

2.1.2. Uniaxial tensile testing 
Mechanical testing was performed for the best-performing candidate 

buffer solution (alongside fresh-frozen and PBS controls) to investigate 
whether the optimal swelling-limiting solution also maintained tensile 
mechanics. Thus, three additional fresh coccygeal spine sections were 
acquired from the same abattoir and discs were dissected from levels 
C2–C5. Rectangular specimens 2 mm thick and 5 mm wide were pre
pared from the middle-outer region of the anterior and posterior AF 
using a freezing stage microtome and oriented with the length along the 
circumferential direction and the width along the axial direction. Pre
liminary work ensured no differences in mechanics between anterior 
and posterior bovine AF (n = 6/group, p > 0.3; not shown). Specimen 
cross-sectional area (CSA) at the midlength was reduced to 1 mm 
thickness and 1.25 mm width using a series of custom cutting jigs 
[Werbner et al., 2021 (in review)]. That is, the initial cross-sectional area 
(‘pre-CSA’) was assumed to be 1.25 mm2 for all mechanical test speci
mens. A similar notch geometry was previously developed and validated 
by our lab using a combined experimental and computational approach 
to ensure tissue failure properties were robustly and consistently 
measured [Werbner et al., 2017]. 

Samples in the SPEG group were soaked in a solution containing 
6.25%w/v PBS and 6.25%w/v PEG pH-balanced to 7.4 (n = 6, ‘SPEG’) 
and specimens in the PBS group were soaked in 0.9%w/v PBS pH- 
balanced to 7.4 (n = 6, ‘PBS’); all samples were soaked for 18 h at 
25 ◦C prior to testing. Fresh-frozen samples were thawed at room tem
perature in damp gauze for 15 min immediately prior to testing (n = 6, 
‘Fresh’). Specimens were gripped for mechanical testing using custom- 
made, serrated screw-clamp grips. A monotonic 0.1 N preload was 
applied to remove slack from the tissue. Cyclic preconditioning was not 
applied to avoid altering pre-testing tissue water content, which could 
affect treatment groups differently [Schmidt et al., 2016]. 
High-resolution scale bar photographs were taken to measure 
sample-specific post-swelling cross-sectional area (‘post-CSA’) and 
gauge length (average gauge-length 10.1 ± 0.3 mm; ANOVA p > 0.5 
between groups). 

Uniaxial tension was applied monotonically along the circumferen
tial direction at 6 mm/min (~1%/sec) until the specimen separated into 
two pieces with no load-bearing components between them (end-of-test 
load threshold = 0.2N). Engineering strain was calculated as the 
measured change in test-machine crosshead displacement divided by the 
initial gauge length. Engineering stress was calculated as the measured 
force divided by the initial cross-sectional area at the midlength. The 
linear-region modulus was calculated using a custom, sequential linear- 
regression optimization to the stress-strain response to ensure exclusion 
of the toe- and yield-regions. Briefly, the algorithm sequentially nar
rowed a window in which to fit the stress-strain response with a linear 
regression until the goodness of fit ceased to improve beyond a cali
brated threshold. Failure stress was defined as the maximum stress and 

failure strain as the corresponding strain. Strain energy density was 
determined through numerical integration of the stress-strain response. 
The ‘failure energy ratio’ (FER) was defined as the strain energy density 
up to the point of failure divided by the total strain energy density (i.e., 
until the end-of-test load threshold was achieved). Immediately after 
testing, two small tissue samples were removed from near the notch site, 
massed, and lyophilized to determine water content, as described above. 

2.1.3. Biochemical analysis 
All lyophilized samples were digested in 1 ml of 2 mg/mL proteinase 

K. Glycosaminoglycan (GAG) content was determined using the 1,9- 
dimethylmethylene blue assay [Farndale et al., 1982]. An aliquot of 
each digest was hydrolyzed in 6N HCl at 120 ◦C for 24 h, after which the 
HCl solution was allowed to evaporate completely under low heat 
(~40 ◦C). Lysates were resuspended and assayed for hydroxyproline 
using the chloramine-T spectrophotometric method [Stegemann and 
Stalder, 1967]. Collagen content was calculated assuming a 1:7.5 
hydroxyproline-to-collagen mass ratio [Hollander et al., 1994]. Lysates 
were also assayed for advanced glycation end-product content (AGEs) as 
measured by total fluorescence using a quinine sulfate standard at 
excitation/emission wavelengths of 370 nm/440 nm. 

2.2. Computational modeling 

2.2.1. Transient and equilibrium swelling 
Finite element models were created to represent the AF explants 

prepared for experimental transient swelling (Supplemental Fig. 1). AF 
explants for transient swelling were modeled at a one-to-one scale to the 
average experimental AF explant dimensions and all models contained 
1000 hexagonal elements. A triphasic mixture framework was applied to 
describe tissue hydration [Lai et al., 1991; Ateshian et al., 2004]. A 
Holmes-Mow description was employed to describe strain-dependent 
tissue permeability, k (Equation (1)). In Equation (1), J was the deter
minant of the deformation gradient tensor (F), k0 represented hydraulic 
permeability in the reference condition (k0 = 0.0064mm4/N⋅s), φ0 
represented the AF solid volume fraction (φ0 = 0.2), α represented the 
power-law exponent (α = 2), and M represented the exponential 
strain-dependence coefficient (M = 4.8) [Mow et al., 1984; Iatridis 
et al., 1998; Gu et al., 1999; Beckstein et al., 2008; Cortes et al., 2014; 
O’Connell et al., 2015]. Model fixed charge density represented tissue 
GAG content and was set to −450 mmol/L based on data in the literature 
[Urban and Maroudas, 1979; Antoniou et al., 1996; Bezci et al., 2019]. 

k(J) = k0

(
J − φ0

1 − φ0

)α

e
1
2 M(J2−1) [1] 

Based on the presumably minimal continuous fiber bundles present 
in the small, cubic AF explants used for experimental transient swelling, 
AF explant models were described as compressible hyperelastic mate
rials using the Neo-Hookean description [Guo et al., 2012] (Equation 
(2)). In Equation (2), I1 and I2 were the first and second invariants of the 
right Cauchy-Green deformation tensor C (C = FTF), and Ematrix and 
νmatrix represented Young’s modulus and Poisson’s ratio, respectively. 
The modulus value (Ematrix = 1.5 MPa) was obtained from bovine single 
lamellar AF measurements in vitro [Monaco et al., 2016]. Specimens in 
Monaco et al. were misted with PBS during in vitro testing, which likely 
limited the amount of tissue swelling. The matrix Poisson’s ratio 
(νmatrix = 0.3) was obtained from human AF measurements in vitro, 
assuming comparable tissue properties [Cao et al., 2009; Bezci et al., 
2019].   
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Three different external bath compositions were simulated to repli
cate the three solution compositions used in the experiments (PBS, PEG, 
and SPEG); thus, a total of 14 transient swelling simulations were per
formed (i.e., PBS1-20, PEG5-20, SPEG5-20; solutions detailed in 
Table 1). For PBS solutions, it was assumed that 100% of the specimen 
pores could accommodate Na+ and Cl− ions [Maas et al., 2012; Bezci 
et al., 2015]. Osmotic coefficients for PBS solutions were determined 
directly from the respective solute concentrations at 25 ◦C [Partanen 
et al., 2017]. Previous studies reported that “PEG 4000 does not interact 
with nor penetrate collagen fibrils in any significant amount,” [Katz and 
Li, 1973] and that “it is reasonable to assume that PEG 20000 penetrates 
[into the tissue] even less [than PEG 4000], because of its higher mo
lecular weight” [Sverdlik and Lanir, 2002]. Thus, it was assumed that a 
minimal fraction of the specimen pores would accommodate PEG 
20000. However, the FEBio solver requires a non-zero value for model 

convergence [Maas et al., 2012]. Based on preliminary parametric 
analysis to determine the minimum acceptable value ensuring the 
convergence of all models (analysis not shown), the pore fraction 
defined to accommodate PEG was set to 10%. As this value was not 
representative of a measured experimental parameter, but rather used 
purely numerically, it is considered unphysical in the context of this 
study. To the best of our knowledge, osmotic coefficients for 
multi-solute solutions containing PEG have not been experimentally 
measured or reported in the literature. Osmotic coefficients of PEG and 
SPEG specimens were calibrated to optimize agreement between 
model-predicted and experimental swelling responses in order to 
generate novel data for these coefficients and are thus presented as re
sults below. 

During transient swelling simulations, all degrees of freedom were 
constrained at a randomly selected surface of the AF explant model to 
ensure model stability. 18 h of swelling was simulated using transient 
swelling analyses. Tissue swelling ratio was calculated as the difference 
between pre- and post-swelling weight divided by the pre-swelling 
weight, assuming a tissue density of 1 g/cm3. 

2.2.2. Uniaxial tensile testing 
Finite element models were developed to represent rectangular, 

uniaxial AF test specimens oriented along the circumferential-axial di
rection and were modeled at a one-to-one scale to the average initial 
experimental specimen dimensions (Supplemental Fig. 1). The lamellar 
thickness (0.4 mm) was determined based on values from single- 
lamellar studies [Holzapfel et al., 2005; Pham et al., 2018]. A notch 
was modeled at the midlength to replicate the experimental specimen 
geometry. All mechanical testing models contained ~92k hexagonal 
elements. 

Fiber-reinforced strain energy continuum finite element models were 
used to describe the angle-ply AF structure [Spencer 1972]. The extra
fibrillar matrix was modeled as described above (Equation (2)). Fibers 

were oriented at ±35◦ to the anatomical transverse plane to represent 
specimens from the middle-outer AF [Cassidy et al., 1989]. Fibers were 
modeled using a power-linear fiber strain energy density function, 
where β represented the power-law exponent in the toe-region, Elin 
represented the fiber modulus in the linear-region, λ0 represented the 
transition stretch between the toe- and linear-regions, and B was a 

function of β, Elin, and λ0 (B = Elin
2

(

(λ0
2−1)

2(β−1)
+ λ0

2

)

; Equation (3)). Fiber 

parameters (β = 6.0, Elin = 400 MPa, and λ0 = 1.15) were determined 
based on our previously validated models [Werbner et al., 2017; Zhou 
et al., 2019; Zhou et al., 2021a, b], and experimental data of type I 
collagen in tension [Fratzl et al., 1998; Gentleman et al., 2003; Van Der 
Rijt et al., 2006; Shen et al., 2008].   

The triphasic mixture framework applied in the transient swelling 
models was also applied to all mechanical testing specimens to account 
for tissue swelling. Three different hydration conditions were simulated 
to replicate the three experimental groups (Fresh, PBS, and SPEG); one 
model with average experimental specimen dimensions was simulated 
for each condition. No external bath was modeled for the Fresh spec
imen. The external bath for the PBS model contained 0.154 M NaCl (i.e., 
0.9%w/v PBS), and 100% of the tissue pores were assumed to accom
modate these ions. The external bath for the SPEG model contained 
1.069 M NaCl and 3.125 mM PEG (molecular weight: 20 kDa), which 
was equivalent to the SPEG solution used in the mechanical testing ex
periments. As above, the pore fraction accommodating PEG was set at 
10%. To assess the effect of including a description for tissue hydration 
and osmotic response on predicted mechanical behavior, a single-phasic 
hyperelastic tissue model, which has been commonly used in finite 
element models of biological soft tissues, was also created. The model 
shared identical solid phase material parameters with the three triphasic 
models described above but did not describe the tissue fluid phase or the 
external bath solution. 

PBS and SPEG models were loaded in a two-step process: First, free 
swelling was simulated in the respective external bath solution. Then, a 
uniaxial tensile ramp to 50% engineering strain was applied. Since no 
external bath was modeled for Fresh and hyperelastic models, only the 
second step was employed. All models were simulated using steady-state 
analyses and the model output was evaluated at equilibrium. Linear- 
region modulus was calculated as the slope of the linear-region of the 
engineering stress-strain response. 

2.3. Statistical analysis 

Values are reported as medians (first quartile: third quartile). 
Figure error bars indicate interquartile ranges. Bivariate linear 

Wmatrix(I1, I2, J) =
Ematrix

4(1 + νmatrix)
(I1 − 3) −

Ematrix

2(1 + νmatrix)
lnJ +

Ematrix νmatrix

(1 + νmatrix)(1 − 2νmatrix)
(lnJ)

2 [2]   

ψn(λn) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0 λn < 1
Elin

4β(β − 1)

(
λ0

2 − 1
)2−β

(λn − 1)
β 1 ≤ λn ≤ λ0

Elin(λn − λ0) + B
(
λn

2 − λ0
2)

+
Elin

4β(β − 1)

(
λ0

2 − 1
)2−β

(λn − 1)
β λn > λ0

[3]   
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correlations were established between solution concentrations and hy
dration levels and considered valid for correlation coefficients R2 >

0.70. One-way ANOVA analyses were performed on all mechanical and 
biochemical properties; significance for ANOVA was assumed at p <

0.05. Dunnett’s method was applied for multiple pairwise comparisons 

where significance was found, with the fresh-frozen group as the control 
(post-hoc significance assumed at p < 0.05). 

Fig. 2. Experimental (EXP) and computational (COM) transient swelling trends for specimens in (A) PEG and (B) SPEG buffer solutions. PBS1 is shown for com
parison. Each point represents the median of 4 EXP samples and dotted lines represent COM results. Select values and variance are given in Table 2 and Supplemental 
Table 2. Logarithmic curve-fits to experimental results are given in Supplemental Table 1. 

Table 2 
Transient experimental swelling values in PBS, PEG, and SPEG for a range of 
concentrations. Values represent the median (interquartile range) of 4 samples.  

Solution 30min 8hr 18hr 

PBS1 36% (32:39%) 96% (91:99%) 106% (97:113%) 
PBS5 27% (26:28%) 99% (94:105%) 110% (108:117%) 
PBS10 19% (18:20%) 93% (89:98%) 110% (107:114%) 
PBS15 20% (18:21%) 89% (84:95%) 103% (99:108%) 
PBS20 8.7% (8.2:11%) 70% (68:76%) 92% (90:97%) 
PEG5 33% (32:34%) 89% (83:93%) 92% (89:97%) 
PEG10 17% (14:20%) 62% (57:66%) 70% (63:72%) 
PEG15 5.6% (4.1:7.2%) 49% (43:55%) 57% (50:64%) 
PEG20 −0.7% (−2.0:0.4%) 38% (33:42%) 50% (45:53%) 
SPEG5 19% (17:21%) 67% (63:68%) 83% (78:85%) 
SPEG10 3.4% (3.0:4.4%) 20% (18:22%) 29% (28:30%) 
SPEG15 −5.1% (−5.5:4.3%) 0.4% (−0.8:3.0%) 3.4% (2.3:6.3%) 
SPEG20 −9.7% (−11:9.5%) −11% (−13:9.2%) −9.6% (−12:8.1%)  

Fig. 3. Median EXP apparent tissue water content after 18 h in solution (n = 4 
per data point). Some values, particularly in the PBS group, may appear lower 
than true values due to inferred solute deposition. Trendlines represent linear 
regression (R2 > 0.97). 

Fig. 4. Median and interquartile range of EXP initial and dry weights (n = 4 per 
group). For the PBS groups, dry weights increased with osmolarity despite 
similar initial weights, indirectly suggesting solute deposition in these groups. * 
indicates Dunnett’s p < 0.001 vs fresh-frozen dry weights. 

Table 3 
Linear-region modulus (E) for EXP and COM specimens; failure stress (σf), failure 
strain (εf), failure energy ratio (FER), and percent change in gauge cross- 
sectional area (Δ-CSA) for EXP specimens. EXP values represent the median 
(interquartile range) of 6 samples.  

Solution EXP E 
(MPa) 

COM E 
(MPa) 

EXP σf 

(MPa) 
EXP εf 

(%) 
EXP 
FER (%) 

EXP 
Δ-CSA 
(%) 

Fresh 66 
(54:71) 

63 18 
(16:20) 

52 
(49:56) 

66 
(61:75) 

−2% 
(−9:6%) 

PBS 13 
(9:14) 

25 3.8 
(2.4:4.0) 

53 
(46:58) 

48 
(43:51) 

82% 
(68:95%) 

SPEG 74 
(71:76) 

79 20 
(20:21) 

49 
(48:51) 

64 
(60:72) 

−5% 
(−8:1%)  
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3. Results 

3.1. Experimental testing 

3.1.1. Transient and equilibrium swelling 
A nonlinear transient swelling response was observed for all AF 

specimens soaked in PBS, PEG, and SPEG solutions (Fig. 2). Median and 

interquartile swelling data at select time points are reported in Table 2. 
Experimental transient swelling data for each solution was curve-fit with 
a logarithmic function (R2 > 0.93 for all but SPEG20); curve-fit co
efficients and goodness of fits for each solution are given in Supple
mental Table 1. 

Apparent equilibrium tissue water content after soaking in PBS, PEG, 
and SPEG is presented in Fig. 3. The relationship between solution 
concentration and measured post-soak water content was curve fit with 

Fig. 5. (A) Linear-region modulus, (B) failure stress, (C) failure strain, and (D) failure energy ratio for each mechanical testing group. Bars represent EXP group 
medians. Squares represent COM modulus values. * indicates Dunnett’s p < 0.001 vs fresh-frozen. 

Fig. 6. Representative EXP and COM stress-strain curves. EXP curves have been 
truncated after failure for clarity; COM simulations were run to 50% engi
neering strain. 

Fig. 7. Percent change in EXP (dots and bars) and COM (squares) mechanical 
test specimen gauge cross-sectional area (CSA) after 18 h in solution. 
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a linear function (R2 > 0.97 for all). Linear interpolation determined 
that the solution concentration required to achieve the median fresh- 
frozen tissue water content level was 15.7%w/v for PBS, 21.7%w/v 
for PEG, and 6.25%w/v PBS +6.25%w/v PEG for SPEG. Despite similar 
initial weights for all samples (p > 0.2), specimen dry weights increased 
significantly and progressively for PBS concentrations above 5%w/v 
(Dunnett’s p < 0.001 versus fresh-frozen; Fig. 4). This increase in dry 
weights indirectly suggests solute deposition within the tissue, which 
may cause water content values to appear lower than true values for 
these groups [Safa et al., 2017]. Dry weights for PEG and SPEG speci
mens were not significantly different from controls for any solution 
concentration (p > 0.4; Fig. 4). 

3.1.2. Uniaxial tensile testing 
Mechanical testing results are summarized in Table 3 and Fig. 5 and 

representative stress-strain curves for experimental and computational 
samples are given in Fig. 6. A one-way ANOVA indicated significant 
differences in linear-region modulus, failure stress, and failure energy 
ratio (p < 0.001), but not failure strain (p = 0.47) between solution 
types. Specimens soaked in 0.9%w/v PBS exhibited an 81% decrease in 
modulus (p < 0.0001), a 79% decrease in failure stress (p < 0.0001), and 
a 27% decrease in failure energy ratio (p = 0.001) versus fresh-frozen 
controls (Fig. 5A, B, and D – red stars), concurrent with an 82% in
crease in gauge cross-sectional area (Fig. 7). In contrast, none of the 
mechanical properties of SPEG specimens were significantly different 
from fresh-frozen controls (p > 0.10; Figs. 5 and 6); gauge cross- 
sectional area was decreased by 5% after soaking (Fig. 7). 

3.1.3. Biochemical analysis 
Collagen content normalized by tissue fresh weight was not signifi

cantly different from fresh-frozen controls for any buffer solution (p >
0.09; Fig. 8A). However, when normalized by tissue dry weight, collagen 
content appeared to decrease by up to 58% for hyperosmotic PBS so
lutions versus fresh-frozen controls (p < 0.001), likely due to artificially 
elevated tissue dry weights caused by inferred solute deposition (Fig. 4). 
In contrast, GAG contents for specimens soaked in all buffer solutions 
were significantly lower than fresh-frozen controls, regardless of 
normalization method (p < 0.05 for GAG%/FW, p < 0.02 for GAG 
%/DW), indicating the likelihood of significant GAG leaching in all so
lutions (Fig. 8B – red stars). When normalized by tissue fresh weight, 
which would not be influenced by solute deposition, GAG leaching 
ranged from 18 to 42% versus fresh-frozen controls. AGE content 
normalized by tissue fresh weight was not significantly different from 
fresh-frozen controls for any buffer solution (p > 0.18), nor was AGE 

content normalized by collagen mass (p > 0.40). 

3.2. Computational modeling 

3.2.1. Transient and equilibrium swelling 
Transient swelling responses generally agreed with experimental 

swelling responses for all solution compositions and concentrations 
(Fig. 2 – dashed lines). The osmotic coefficients for PBS1-20 specimens 
were 0.93, 0.93, 0.96, 1.0, and 1.05, respectively. The osmotic co
efficients for PEG5-20 were all 0.5 and the osmotic coefficients for 
SPEG5-20 were 2.0, 1.5, 0.9, and 0.85, respectively. 

3.2.2. Uniaxial tensile testing 
For the PBS mechanical test specimen, the model-predicted equi

librium swelling ratio was 77%, with a 90% increase in model cross- 
sectional area. For the SPEG mechanical test specimen, the model- 
predicted equilibrium swelling ratio was 7%, with a 5% increase in 
model cross-sectional area. The linear-region modulus was 28.7 MPa for 
the PBS specimen, 78.8 MPa for the SPEG specimen, and 63.0 MPa for 
the Fresh specimen, directionally matching the experimental mechani
cal testing results (Figs. 5 and 6). Linear-region modulus of the single- 
phasic specimen was 39.5 MPa, which was 37% smaller than that of 
the triphasic Fresh model. 

4. Discussion 

This study investigated the effects of saline, PEG, and saline-PEG 
buffer solutions on AF transient and equilibrium swelling behavior 
and tensile mechanical properties using experimental and computa
tional approaches. Buffer solution compositions and concentrations 
targeting a range of tissue-level AF hydration levels– including the 
maintenance of fresh-frozen hydration levels– were identified and tested 
in vitro to assess tissue swelling, mechanics, and biochemical composi
tion, and in silico to assess tissue swelling and mechanics. 

We found that a 6.25%w/v PBS and 6.25%w/v PEG solution 
(adjusted to pH 7.4) effectively maintained fresh-frozen AF tissue hy
dration levels, even after 18 h in solution (Table 2, Figs. 2–3). In addition 
to maintaining physiologic hydration levels, this solution also main
tained tissue cross-sectional area, as well as sub-failure, failure, and 
post-failure tensile mechanics at fresh-frozen levels (Table 3, Figs. 5–7). 
In contrast, specimens soaked in 0.9%w/v PBS for 18 h experienced over 
100% swelling (i.e., absorbed more than their fresh weight in additional 
water), concurrent with an 80% increase in gauge cross-sectional area. 
Linear-region modulus and failure stress decreased nearly two-fold for 

Fig. 8. (A) Collagen content and (B) GAG content normalized by tissue fresh weight. Each bar represents the median of 4 samples and error bars denote the 
interquartile range. * indicates Dunnett’s p < 0.001 vs fresh-frozen. 
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these samples versus fresh-frozen controls. Computational results 
generally agreed with the experimental measurements, matching the 
trends transient and equilibrium swelling responses across a range of 
buffer solution compositions and concentrations and indicating that 
tissue modulus values differed nearly two-fold between fresh-frozen and 
PBS-soaked specimens. The inclusion of a single-phasic hyperelastic 
model demonstrated that simply excluding the specimen fluid phase and 
external bath could decrease the apparent tissue modulus by ~40% 
versus fresh-frozen. Thus, these results demonstrate the feasibility and 
importance of including the tissue fluid phase and the surrounding 
chemical environment when models aim to provide accurate predictions 
of the mechanical response of hydrated biological tissues [Yang and 
O’Connell, 2018; Yang and O’Connell, 2019]. 

It appears that changes in water content likely influence tissue me
chanics both by altering bulk specimen geometry due to swelling and by 
additional sub-tissue scale mechanisms not measured in the current 
study. At the tissue-level, the 80% increase in cross-sectional area for 
samples soaked in 0.9%w/v PBS would be expected to decrease the 
apparent modulus to ~37 MPa (from ~66 MPa for fresh tissue). How
ever, we observed a significantly lower linear-region modulus for PBS- 
soaked specimens (~13 MPa), agreeing well with results reported by 
Żak and Pezowicz (2016) and adding to the emerging evidence that 
sub-tissue scale mechanisms likely contribute to diminished tissue 
stiffness with overhydration [Screen et al., 2006; Han et al., 2012; Żak 
and Pezowicz, 2016]. Such effects likely include: the leaching of GAGs, 
which has been shown to diminish AF single- and multi-lamellar tensile 
mechanics [Han et al., 2012; Isaacs et al., 2014; Werbner et al., 2019], 
increased distance between collagen fibrils [Screen et al., 2005; Screen 
et al., 2006; Han et al., 2012], and increased collagen fibril diameter, 
which has been associated with decreased tensile stiffness [Roeder et al., 
2002; Buehler and Wong, 2007; Aladin et al., 2010]. Interestingly, the 
increase in model CSA was nearly sufficient to explain the observed 
changes in model-predicted modulus (i.e., 33 MPa predicted by 
CSA-change vs 28 MPa measured in silico). This partially corroborates 
the hypothesis that sub-tissue level molecular interactions between 
collagen fibrils, matrix, and water molecules– which were not explicitly 
accounted for in the homogenized model used here– may help explain 
the larger reduction in modulus observed experimentally. Additionally, 
understanding the fundamental mechanisms driving altered failure 
mechanics is important as the field progresses towards a more 
comprehensive multi-scale understanding of multi-phasic tissue me
chanics. However, it has proven difficult to determine the sub-tissue 
level mechanisms that drive the initiation of bulk tissue failure, as the 
current finite-element solver is not equipped to simulate tissue failure. 

Significant developments in finite element modeling over the last 
two decades have allowed for investigations into the relationship be
tween tissue fluid phase and mechanics. For example, poroelastic ma
terial descriptions have been used to investigate the stress-bearing role 
of interstitial water content and time-dependent rheological behavior 
[Natarajan et al., 2006; Wilson et al., 2007; Galbusera et al., 2011a, b; 
Barthelemy et al., 2016; Rijsbergen et al., 2018; Castro and Alves, 2021]. 
Despite these advances, few computational studies investigating tissue 
mechanics have employed material descriptions that adequately repre
sent Donnan equilibrium effects, which play a pivotal role in active 
tissue swelling, mechanics, and metabolic behavior [Jacobs et al., 2014; 
Yang and O’Connell, 2018; Zhou et al., 2019; Zhou et al., 2021a, b]. 
Thus, it is noteworthy that the transient swelling simulations conducted 
in the current study agreed so well with the experiment results (Fig. 2). 
Despite this success, some substantial discrepancies were observed be
tween computational simulations and experimental transient swelling 
trends during the first few hours. For example, transient rheological 
kinetics are expected to depend on specimen geometry (e.g., surface area 
to volume ratio, residual stress profile, etc.) and local variations in 
composition (e.g., heterogenous distribution of GAGs and collagen), 
which were not accounted for by the computational model. Addition
ally, the osmotic coefficient of a solution may change during the 

swelling period; however due to a lack of experimental data measuring 
transient osmotic coefficients, it was assumed to be constant in our 
simulations. Similarly, solute concentration in the simulation was 
assumed to be constant, providing a continuous environmental supply of 
solute and fluid, whereas in experiments, solute or fluid transfer to tissue 
is expected to alter the local external bath concentration and osmotic 
pressure, which in turn will alter the driving force for tissue swelling 
[Urban and Maroudas, 1979]. While the current study was not equipped 
to quantify these effects, we hope that this work will motivate and guide 
future studies to investigate these important issues influencing tissue 
transient swelling behavior. 

None of the buffer solutions investigated in this study altered tissue 
collagen content when normalized by specimen fresh weight (Fig. 8). 
However, elevation of tissue dry weights in hyperosmotic saline solu
tions, presumably due to solute deposition, caused a significant decrease 
in apparent collagen content. For this reason, biochemical measure
ments from tissues exposed to hyperosmotic solutions should be 
normalized to specimen fresh weight [Bezci et al., 2019; Werbner et al., 
2019]. A similar discrepancy between fresh and dry weight normaliza
tions was observed for tissue AGE contents; it remains preferable to 
normalize AGE content to total collagen mass to avoid artifacts of solute 
deposition and account for inter-species differences in tissue collagen 
content [Showalter et al., 2012; Werbner et al., 2019 (in review)]. GAG 
contents were observed to decrease for all buffer solutions, regardless of 
normalization method, suggesting significant leaching of GAGs during 
extended soak times, agreeing well with previous observations [Urban 
and Maroudas, 1979; Maroudas et al., 1985; Perie et al., 2006; Han et al., 
2012; Bezci et al., 2019; Bezci et al., 2020]. GAG content of specimens 
soaked in 0.9%w/v PBS suggest almost 50% loss in GAG content 
compared to fresh-frozen controls, while specimens soaked in SPEG20 
lost less than 20% compared to fresh-frozen controls (Fig. 8). Thus, 
high-concentration saline-PEG blends provide the additional utility of 
limiting GAG leaching in addition to preserving fresh-frozen hydration 
levels and mechanical properties, consistent with previous literature 
reporting that 20 kDa PEG was used to help limit tissue GAG loss [Urban 
and Maroudas, 1979]. 

The main results of this study are consistent with recent tendon 
studies, which found that saline-PEG blends maintained hydration at 
fresh-frozen levels and limited the significant decrease in modulus 
observed after soaking in 0.9%w/v PBS [Safa et al., 2017; Bloom et al., 
2021]. Additionally, Safa et al. (2017) showed that both NaCl and PEG 
have the same proportionate effect on lowering tendon water content at 
increasing concentrations, as indicated by the slopes in Table 3 and 
Fig. 4 of that study; while absolute water content values differ between 
tissue types (~55% in fresh tendon versus ~75% in fresh AF), this is 
directionally consistent with the results of this study (Fig. 3). Further
more, the increased slope of the SPEG curve compared to NaCl and PEG 
in Safa et al. (2017) suggests that there is a substantial synergistic effect 
of combining these two solutes, consistent with the greater slope of the 
green line in Fig. 3. This important result is also consistent with older 
work by Davey and Skegg (1971) showing that media containing NaCl 
and PEG reduced kidney tissue water content in vitro by ~20–45% 
(depending on incubation time) compared to PEG- or NaCl-containing 
media alone. Interestingly, the model in this study resulted in a 
nonlinear decrease in osmotic coefficients as the PEG concentration 
increased in SPEG solutions, indicating that PEG likely affects NaCl os
motic activity. In addition to the experimental observations discussed 
above, these results also corroborate work by Schiller et al. (1988) 
suggesting that PEG might reduce the availability of water to interact 
with other osmotic solutes within the same solution. As the osmotic 
activity of solutions containing multiple solutes is difficult to charac
terize experimentally, multiphasic finite-element models may provide 
an effective tool to explore the osmotic effects of solutions containing 
multiple solutes. 

The current study expands upon these results for the AF by pre
senting comprehensive transient swelling trends for a broad range of 
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buffer solution compositions and concentrations across an extended 
timescale (18 h). Despite these advances, this study had its limitations in 
the relatively small intra-group sample size for swelling experiments (n 
= 4 per solution concentration), the single specimen orientation used for 
mechanical testing (circumferential-axial), and single loading rate 
(~1%/sec), as previous studies have shown that AF mechanical response 
is orientation- and rate-dependent [Gregory and Callaghan, 2010; Isaacs 
et al., 2014; Werbner et al., 2017]. An additional limitation of the study 
was our choice to limit the study size by investigating only one-to-one 
mixtures of PBS and PEG. This choice arose from preliminary work 
which found that, even when paired with high concentrations of PEG, 
mixtures of 0.9%w/v NaCl were insufficient to limit tissue-level AF 
swelling (not shown). The discrepancy between this result and those 
observed previously in tendons and ligaments for 0.9%w/v NaCl +8% 
w/v PEG solutions [Sverdlik and Lanir, 2002; Lujan et al., 2009; Safa 
et al., 2017; Bloom et al., 2021] may be due to the substantially higher 
GAG content of AF samples (8–12%/DW in AF versus 1–5%/DW in 
tendon) [Demers et al., 2004; Thorpe and Screen, 2016], as well as 
potentially greater residual stresses in the AF due to in situ boundary 
conditions [Huyghe and Jongeneelen, 2012]. Additional work is needed 
to evaluate whether different ratios of PBS and PEG would produce 
similar (or possibly better) results in AF swelling. 

This study determined and validated a saline-PEG buffer solution 
that maintained AF tissue-level hydration and mechanics in vitro at 
fresh-frozen tissue levels. The results from this study suggest that 0.9% 
w/v PBS should not be used to maintain tissue-level AF specimen hy
dration during preparation, treatment, or testing if physiological rele
vance is to be considered regarding hydration and mechanics. Instead, a 
solution generating sufficient osmotic pressure to maintain physiolog
ical hydration levels in tissue-level specimens should be used. While a 
6.25%w/v PBS +6.25%w/v PEG solution proved effective for healthy 
bovine AF tissues commonly used in the field, inter-species differences 
and tissue health status are known to influence swelling and mechanical 
behavior; thus, future work should seek to determine optimal solution 
compositions to maintain hydration levels and mechanics in the specific 
tissues being studied. As the field develops a deeper understanding of the 
central role of tissue hydration in maintaining proper mechanical and 
biological function, it is essential for future studies investigating the 
relationship between tissue hydration, aging, injury, and disease to 
prepare, treat, and test tissues in solutions that allow precise control of 
hydration levels. 
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