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Transglutaminase-mediated stiffening of the glomerular basement 
membrane mitigates pressure-induced reductions in molecular sieving 
coefficient by reducing compression 
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A B S T R A C T   

Proteinuria, the presence of high molecular weight proteins in the urine, is a primary indicator of chronic kidney 
disease. Proteinuria results from increased molecular permeability of the glomerular filtration barrier combined 
with saturation or defects in tubular protein reabsorption. Any solute that passes into the glomerular filtrate 
traverses the glomerular endothelium, the glomerular basement membrane, and the podocyte slit diaphragm. 
Damage to any layer of the filter has reciprocal effects on other layers to increase glomerular permeability. The 
GBM is thought to act as a compressible ultrafilter that has increased molecular selectivity with increased 
pressure due to compression that reduced the porosity of the GBM with increased pressure. In multiple forms of 
chronic kidney disease, crosslinking enzymes are upregulated and may act to increase GBM stiffness. Here we 
show that enzymatically crosslinking porcine GBM with transglutaminase increases the stiffness of the GBM and 
mitigates pressure-dependent reductions in molecular sieving coefficient. This was modeled mathematically 
using a modified membrane transport model accounting for GBM compression. Changes in the mechanical 
properties of the GBM may contribute to proteinuria through pressure-dependent effects on GBM porosity.   

Introduction 

The kidney glomerulus has the ability to efficiently filter the blood 
and allow high permeability of water and low molecular weight solutes 
while retaining large molecular weight proteins such as albumin in the 
circulation. Under normal physiological conditions, little protein crosses 
the capillary wall, and the small amount that does is captured and 
processed by the proximal tubule epithelium [1]. In the setting of kidney 
disease, loss of glomerular size selectivity and/or saturation or defects in 
proximal tubular reabsorption leads to proteinuria and passage of large 
molecular weight proteins in the urine [2]. Proteinuria is a primary 
indicator of progressive renal damage and is associated with a high risk 
of adverse events including end stage kidney disease, cardiovascular 
disease, and death [3,4]. Despite the importance of glomerular function 
to maintaining homeostasis, the precise mechanisms that regulate 
glomerular permeability in health and the factors that contribute to 
proteinuria in disease are not fully understood. 

The glomerular capillary wall consists of the glomerular endothe
lium, the glomerular basement membrane (GBM), and the podocytes. 

The degree to which each layer of the glomerular filtration barrier 
contributes to overall molecular permeability and how the overall 
structure works in concert to restrict protein transport remains an active 
area of investigation [5–9]. Damage to any component of the filter can 
lead to loss of selectivity, and damage to one structure can affect the 
function of adjacent layers [10–13]. This suggests that each component 
of the filtration barrier is important for overall function and crosstalk 
between different layers is important for maintaining proper function. 

The GBM serves as a physical barrier to passage of protein across the 
kidney filtration barrier [14–17]. Studies of macromolecular transport 
in isolated basement membranes, including the GBM, show that they act 
as gel-like compressible filters with more stringent size selectivity and 
reduced hydraulic permeability at higher transmembrane pressures [15, 
18–20]. This is illustrated schematically in Fig. 1. Recently, the gel 
compression model of glomerular filtration has been revisited to 
encompass the role of podocytes in providing a buttressing force against 
filtration pressure. Studies by Butt et al. observed that in podocin mutant 
mice, reductions in glomerular filtration rate were less than what would 
be expected based on the reduction in filtration area in the setting of 

* Corresponding author. 
E-mail address: ferrell.61@osu.edu (N. Ferrell).  

Contents lists available at ScienceDirect 

Matrix Biology 

journal homepage: www.elsevier.com/locate/matbio 

https://doi.org/10.1016/j.matbio.2024.05.002 
Received 3 January 2024; Received in revised form 30 April 2024; Accepted 6 May 2024   

mailto:ferrell.61@osu.edu
www.sciencedirect.com/science/journal/0945053X
https://www.elsevier.com/locate/matbio
https://doi.org/10.1016/j.matbio.2024.05.002
https://doi.org/10.1016/j.matbio.2024.05.002
https://doi.org/10.1016/j.matbio.2024.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matbio.2024.05.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Matrix Biology 130 (2024) 47–55

48

podocyte effacement [21,22]. Based on mathematical modeling, they 
showed that an increase in hydraulic permeability due to loss of podo
cyte forces and reduced GBM compression could account for this effect. 
Under this paradigm, healthy podocytes act as a buttress against the 
pressure drop across the glomerular capillary wall and allow the GBM to 
compress against the podocytes. In disease, podocyte architecture and 
cytoskeletal structure are compromised and do not provide a sufficient 
buttressing force effectively increasing the hydraulic and molecular 
permeability of the filtration barrier. Under this model, the mechanical 
properties of the GBM are inherently important as stiffness defines the 
degree of compressibility of the basement membrane under applied 
pressure. 

Chronic kidney disease (CKD) is characterized by increased extra
cellular matrix (ECM) crosslinking through both enzymatic and non- 
enzymatic mechanisms. Crosslinking enzymes including tissue trans
glutaminase (TGM2) and lysyl oxidases (LOX) play a role in multiple 
chronic kidney diseases. TGM2 expression and activity are increased in 
CKD, and genetic knockout or pharmacological inhibitors of TGM2 
protect against kidney fibrosis in CKD and diabetic kidney disease 
[23–27]. LOX like 2 (LOXL2) is an important GBM crosslinking enzyme 
[28] and inhibition of LOXL2 protects against multiple forms of CKD 
[29,30]. Diabetic kidney disease is characterized by increased 
non-enzymatic crosslinking through formation of advanced glycation 
end-products (AGEs) [31,32]. We previously showed that glycation of 
the glomerular ECM ex vivo increases the stiffness of the ECM [33,34]. In 
the setting of increased crosslinking, stiffening of the GBM would be 
expected to reduce compressibility and could result in increased 
permeability at a given pressure. Additionally, crosslink inhibitors could 
potentially preserve the compressibility of the native GBM to mitigate 
proteinuria in the setting of chronic disease. Experimentally, effects of 
biochemical modifications of the GBM through chemical crosslinking or 
sugar modification have been mixed. Chemically induced crosslinking 
increased GBM permeability ex vivo [18]. Daniels and Hauser showed 
that sugar modification of albumin increased its permeability, but direct 
sugar modification of the GBM did not affect permeability [35]. Here we 
aimed to determine how biochemical modification of the GBM with an 
enzymatic crosslinker affects mechanical properties of the GBM and how 
this would alter its pressure-dependent permeability. We hypothesized 
that the degree of molecular crosslinking of the basement membranes is 
an important determinant of pressure-dependent permeability through 
changes in the biomechanical properties of the basement membrane that 
reduce membrane compression. To test this hypothesis, we used mi
crobial transglutaminase (mTG) to crosslink the GBM, and diffusive and 

convective molecular transport properties of the GBM were measured ex 
vivo. A mathematical model based on modified membrane transport 
theory to account for compression effects was used to evaluate GBM 
sieving coefficient in native and enzymatically crosslinked GBM. This 
analysis confirmed that native GBM exhibits increased molecular 
selectivity with applied pressure, and this effect is mitigated in trans
glutaminase crosslinked GBM. 

Results 

Glomerular isolation and characterization 

Isolated glomeruli were characterized by visual inspection during the 
isolation and decellularization procedure. Glomeruli were enriched 
during the isolation procedure. Decellularized glomeruli were intact and 
retained their structure following decellularization (Fig. 2A). Decellu
larized glomeruli and GBM membranes were further characterized by 
SEM (Fig. 2B and 2C). Isolated and decellularized GBM were free of any 
obvious cell debris and GBM from individual glomerular capillaries are 
visible in the electron micrographs. 

mTG treatment increases GBM stiffness 

To determine the effects of mTG mediated crosslinking on GBM 
stiffness, decellularized glomeruli were subjected to compressive 
loading using a custom compression system as described previously [33, 
34] following mTG treatment. The mechanism of mTG mediated cross
linking and characterization of purified mTG are shown in Supplemen
tary Fig. S1. The purified mTG was evaluated using Coomassie Blue 
staining. The results showed a single band with an expected molecular 
weight of ~38 kDa. Decellularized glomeruli were held in place with 
microcapillary tubing attached to a syringe to apply a vacuum (Fig. 3A). 
Glomeruli were compressed against a calibrated microcantilever to 
measure the force versus displacement (δ/R), where δ is the change in 
radius and R is the original radius. mTG treatment resulted in a dose 
dependent upward shift in the force versus displacement (δ/R) response 
(Fig. 3B). GBM treated with collagenase (1 mg/mL) showed the opposite 
trend with a time dependent decrease in GBM stiffness with increasing 
duration of collagenase treatment (Supplementary Fig. S2). Force 
displacement response was curve fit to a Tatara model for compression 
of a sphere and elastic modulus (E) was calculated as a model fit 
parameter. This analysis showed a dose-dependent increase in elastic 
modulus with increasing mTG concentration (Fig. 3C). Untreated 

Fig. 1. Schematic of pressure-dependent compression of the GBM in health and disease. Under healthy conditions, the GBM compresses under pressure to restrict 
protein transport. In disease, the GBM is crosslinked and stiffened to reduce pressure induced compression and increase molecular permeability. 

D. Wang and N. Ferrell                                                                                                                                                                                                                        



Matrix Biology 130 (2024) 47–55

49

glomeruli had a modulus of approximately 50 Pa and stiffness increased 
by approximately 4-fold in glomeruli treated with 100 μg/mL mTG. 
There was a statistically significant increase in stiffness for all of the 
mTG concentrations (5, 25, 50, and 100 μg/mL) as compared to the 
untreated control. 

mTG effects on diffusional permeability 

To evaluate the effects of crosslinking on diffusive permeability, 
FITC-Ficoll (1 mg/mL) was added to the apical side of the GBM, and 
time-dependent change in Ficoll concentration was measured on the 
basal side of the membrane. The diffusive permeability decreased as a 
function of increasing molecular radius, indicative of restricted diffusion 
with increased molecular size (Fig. 4A). mTG treatment (100 μg/mL) 
resulted in a small reduction in diffusive permeability. This suggests that 
mTG crosslinking slightly reduced the pore size of the GBM. The diffu
sive hindrance factor, (ΦKd)0, of native and mTG crosslinked GBM were 
calculated according to Eq. (7). The experimental data and model curve 
fits at rs=3–7 nm are shown in Fig. 4B. The results show that the model 
fits were in good agreement with the experimental data. 

GBM stiffening mitigates pressure-dependent compression effects on 
molecular permeability 

Sieving coefficients of native and mTG-treated (100 μg/mL) GBM 
were evaluated under 0.5, 1.5, and 2.5 psi pressure. The results showed 
that the native GBM exhibited pressure-dependent characteristics with a 
reduction in sieving coefficient with increasing pressure. This effect was 
significantly reduced in crosslinked GBM, resulting in higher molecular 
sieving coefficients in mTG treated GBM at higher pressure relative to 
native GBM (Fig. 5). As the pressure increased from 0.5 to 2.5 psi, the 
molecular cutoff (Θ<0.1) of native GBM decreased from 6.54±0.16 nm 
to 4.96±0.16 nm in native GBM. In contrast, the mTG-treated GBM 
showed only a slight decrease in molecular cutoff with a mean of 7.05 
±0.29 nm at 0.5 psi and 6.57±0.38 nm at 2.5 psi. There was no sig
nificant difference in molecular cutoff between native and mTG-treated 
GBM at low pressure (0.5 psi), but a significant difference arises at 1.5 
and 2.5 psi (Fig. 5B and 5C). This indicates that native GBM demon
strates pressure-dependent reductions in molecular transport at higher- 
pressure conditions, whereas such behavior is not observed in stiffened 
GBM. 

To further evaluate the pressure-dependent effect on native and 
mTG-treated GBM, the sieving coefficients of native and mTG-treated 
GBM at 0.5, 1.5, and 2.5 psi pressure were compared at rs = 2 nm, 4 
nm, and 6 nm, respectively (Fig. 6). At rs=2 nm (Fig. 6A), the sieving 
coefficient of native GBM significantly decreased from 0.80±0.02 at 0.5 
psi to 0.67±0.03 at 2.5 psi, while the mTG-treated GBM slightly reduced 
from 0.83±0.02 to 0.71±0.05. Similarly, the sieving coefficient of 
native GBM decreased significantly from 0.51±0.03 to 0.23±0.02 at 
rs=4 nm (Fig. 6B), while it dropped from 0.15±0.02 to 0.04±0.01 at 
rs=6 nm (Fig. 6C). However, the sieving coefficient of mTG-treated GBM 

were 0.52±0.03 at 0.5 psi and 0.41±0.06 at 2.5 psi at rs=4 nm, and 0.19 
±0.02 to 0.17±0.04 at rs=6 nm, with none of the differences reaching 
statistical significance. This indicates that the native GBM exhibits a 
pressure-induced reduction in molecular sieving coefficient due to 
membrane compression while this effect is mitigated in mTG crosslinked 
GBM. 

Mathematical modeling of sieving coefficients 

To further evaluate pressure-dependent effects of native and mTG- 
treated GBM, we employed a mathematical model of the molecular 
sieving coefficient (Eqs. (3)–(6)). The modeled diffusive hindrance fac
tor for native GBM was (ΦKd)0 = 0.072⋅exp( − 0.64⋅rs), which is com
parable to the results (ΦKd)0 = 0.11⋅exp(−0.73⋅rs) measured previously 
by Edwards et al. as well as our previous results evaluating diffusive 
permeability of isolated GBM [15]. The modeled diffusive hindrance 
factor for mTG treated GBM is (ΦKd)0 = 0.048⋅exp( − 0.59⋅rs), which is 
similar to the hindrance factor of native GBM. The pressure-dependent 
fit parameter in native GBM was β=0.001 indicating that the sieving 
coefficient is dependent on applied pressure in native GBM (Fig. 7A). 
The sieving coefficient modeled on mTG-treated GBM did not show a 
pressure-dependent effect, where β=1 × 10−5 (Fig. 7B). The estimated 
convective hindrance factor of native and mTG treated GBM are 
(ΦKc)0 = 1.086⋅exp(−0.41⋅rs) and (ΦKc)0 = 1.199⋅exp( − 0.29⋅rs), 
respectively. 

Discussion 

Multiple biological hydrogels and basement membranes, including 
the GBM, act as compressible membranes with more stringent molecular 
selectivity with increasing pressure [15,18–20]. As transmembrane 
pressure increases, membrane compression reduces the effective 
porosity and limits molecular transport. This effect in the glomerular 
capillary wall is illustrated schematically in Fig. 1 where native GBM is 
able to compress against podocytes under normal filtration pressure to 
reduce the effective pore size to enhance molecular selectivity. In the 
setting of disease-mediated excessive crosslinking, the GBM is unable to 
compress under filtration pressure to increase the sieving coefficient 
under applied pressure. We tested this hypothesis in isolated porcine 
GBM crosslinked with mTG. We assume based on the high degree of size 
selectivity, that the transport properties of the decellularized glomeruli 
are dominated by the GBM, but the mesangial matrix is present and may 
contribute to the overall molecular permeability. Pig kidneys were 
chosen because glomeruli could be isolated in large numbers using a 
simple size-based technique. Multiple ECM crosslinking enzymes 
including transglutaminase and lysyl oxidases have been shown to be 
upregulated in different forms of chronic kidney disease such as diabetic 
nephropathy and in the setting of kidney fibrosis. We chose microbial 
transglutaminase as a crosslinking agent because it acts via a similar 
crosslinking mechanism to tissue transglutaminase but can be isolated in 

Fig. 2. Characterization of isolated decellularized glomeruli. (A) Decellularized glomeruli were imaged under a Widefield microscope. (B,C) Scanning electron 
micrographs of decellularized glomerular basement membrane (scale bars are 15 μm and 5 μm, respectively). 
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large quantities from a commercial source at low cost [36]. Microbial 
transglutaminase has been widely used as a crosslinking agent for 
modifying biomaterial properties for tissue engineering and drug de
livery applications [37–40]. 

Multiple decellularization strategies have been explored for organ 
and tissue decellularization. These include sodium dodecyl sulfate 
(SDS), Triton-X 100, and sodium deoxycholate (SDC) [41]. We chose 
SDC because it effectively removed cellular components from glomeruli 
while preserving the overall ultrastructure of the GBM as shown in the 
SEM images (Fig. 2). We cannot rule out that the decellularization 
protocol removes molecular components of the GBM that may be rele
vant to molecular transport properties. The GBM is known to be 
compositionally complex and consists of many structural, signaling, and 
ECM associated molecular components that may alter the structure 
and/or charge of the GBM [42]. We have shown previously that SDS 
based decellularization of GBM and tubular basement membrane does 
remove some laminin, but significant amounts of collagen IV and lam
inin are retained in the decellularized ECM [17,34,43]. Any decellula
rization strategy is likely to remove some molecular constituents of the 
GBM, and a balance of effective removal of cellular protein with 
retention of GBM components is needed. Based on the preserved mo
lecular selectivity following decellularization, it appears that many of 
the structural components that impart the GBM with its molecular 
selectivity are retained following SDC-based decellularization. 

We developed a cantilever-based compression assay for evaluating 
the compressive stiffness of glomeruli. Using this technique, we showed 
that sugar-meditated glycation and crosslinking increases glomerular 
ECM stiffness ex vivo [33]. While physiologically relevant, this reaction 
is relatively slow requiring weeks to months to crosslink the ECM with 

Fig. 3. mTG treatment increases the stiffness of decellularized glomeruli. (A) 
Schematic drawing of the experimental setup. (B) Experimental data fit to 
Hertz-Tatara model after glomeruli incubated in mTG for 24 h. (C) Stiffness of 
native and mTG crosslinked glomeruli at a concentration of 0, 5, 25, 50, and 
100 μg/mL after 24 h incubation. Data are shown at the mean±SEM. Statistical 
significance was determined by one-way ANOVA with Dunnett’s post-hoc 
testing for comparison of mTG treatment versus control. *p < 0.05, ****p <

0.0001, n = 18, 8, 14, 15, and 14 for 0, 5, 25, 50, and 100 μg/mL mTG, 
respectively. 

Fig. 4. Diffusive Ficoll transport properties of native and mTG treated (100 μg/ 
mL) GBM (A) Ficoll permeability (PGBM) of GBM (n = 7). (B) Diffusive hin
drance factors for native the mTG modified GBM with exponential fit to 
experimental data for rs from 3 to 7 nm. 
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Fig. 5. Sieving coefficient versus molecular radius (rs) and molecular cutoff for native and mTG crosslinked (100 μg/mL) GBM at (A) 0.5, (B) 1.5, and (C) 2.5 psi. 
Differences in molecular cutoff of native and crosslinked GBM were analyzed by paired t-test, *p < 0.5, **p < 0.01, ns=nonsignificant, n = 4–5 replicates 
per condition. 
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reducing sugars. Enzymatic crosslinking is also relevant to several 
pathophysiological settings, but the reaction is rapid. Here we show that 
mTG crosslinking increases GBM stiffness after 24 h in a dose dependent 
manner (Fig. 3). Crosslinking of GBM with the same mTG concentration 
for 4 days resulted in a similar increase in GBM stiffness but plateaued at 
25 μg/mL mTG (Supplementary Fig. S3). 

Intuitively, one could consider that crosslinking of basement mem
brane would render them more selective by reducing the porosity 
through formation of intermolecular crosslinks. In fact, this does occur 
to a small degree with regard to diffusive transport in response to mTG 
crosslinking (Fig. 4) as well as chemical crosslinking of other basement 
membrane systems [43]. However, this effect was minimal and was 
observed only for small molecular weight solutes. 

More pronounced effects of crosslinking on molecular transport are 
observed in the setting of applied pressures that span the physiological 
to pathophysiological range. At low pressure, the sieving coefficient of 
native and mTG treated GBM was relatively similar. In both cases, the 
GBM provides a stringent barrier to Ficoll transport with a steady 
reduction in sieving coefficient with increasing molecular radius and a 
molecular cutoff (Θ<0.1) of approximately 6–7 nm and a slight but not 
statistically significant (p = 0.13) increase in molecular cutoff in the 
mTG treated GBM (Fig. 5). Similar to trends seen in previous studies of 
GBM and other basement membrane systems [15,19,20], increased 
pressure resulted in improved molecular selectivity in native GBM with 
reduction in molecular sieving coefficient in native GBM at multiple 
molecular radii (Fig. 6). This effect was mitigated in mTG crosslinked 

Fig. 6. Comparison of sieving coefficient measured on (A) native and (B) mTG 
treated GBM at 0.5, 1.5, and 2.5 psi with rs=2 nm, 4 nm, and 6 nm. Statistical 
analyses are determined by one-way ANOVA with Tukey post-hoc test. *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 4–5 replicates 
per condition. 

Fig. 7. Mathematical modeling of Ficoll sieving coefficient across the GBM at 
0.5, 1.5, and 2.5 psi. (A) Model fit was in excellent agreement with experi
mental data in native GBM and compression effects were needed to optimize 
the model fit. (B) Compression effects were lost in mTG modified GBM and 
pressure effects did not significantly improve the fit for crosslinked GBM. 
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GBM. There were trends toward reduced sieving coefficient in mTG 
treated GBM at 2 and 4 nm (Fig. 6A and 6B), but did not reach statistical 
significance suggesting that crosslinked GBM is not completely incom
pressible but is significantly less as compared to native GBM. Differences 
in sieving coefficient at 1.5 and 2.5 psi were also blunted in native GBM 
and only reached statistical significance for 6 nm radius Ficoll (Fig. 6C). 
This further substantiated the non-linear relationship between applied 
pressure and compression indicative of strain stiffening. 

While the GBM provides a stringent barrier to passage of Ficoll at size 
ranges relevant to glomerular filtration, the molecular sieving coeffi
cient is larger than the in vivo glomerular sieving coefficient. This is not 
unexpected given the importance of podocytes in regulating glomerular 
filtration and the likely reciprocal relationship between podocytes and 
the GBM in determining glomerular permeability. Additionally, the 
sieving coefficient of Ficoll is larger than the sieving coefficient of 
globular proteins such as albumin of an equivalent hydrodynamic radius 
[44,45]. This has been attributed to differences in size, shape, flexibility 
and charge of Ficoll relative to globular proteins. Negatively charged 
Ficoll exhibits a lower sieving coefficient both in vivo and with various in 
vitro basement membrane systems [46,47]. Ficoll also exhibits a higher 
than expected sieving coefficient in monodisperse nanoporous mem
branes suggesting that it does not behave as a rigid spherical molecule 
[48]. These studies establish that Ficoll acts as a broad molecular weight 
tracer with a molecular size that is relevant to glomerular permeability, 
but the absolute sieving coefficient should be taken in the context of 
Ficoll’s hyperpermeability relative to globular proteins such as albumin 
of an equivalent molecular radius. 

Established membrane transport theory was in excellent agreement 
with experimental data for native basement membranes (Fig. 7) with 
pressure induced reductions in GBM sieving coefficient being accounted 
for by both an increase in Peclet number at increased solvent flux and 
pressure-dependent compression that alters diffusive and convective 
hindrance factors with increased transmembrane pressure. This effect 
was significantly mitigated in stiff, crosslinked GBM and compression 
effects had minimal effect on the model fit to the experimental data. 
These data confirm previous studies showing that GBM acts as a 
compressible filter with increased selectivity with increased pressure. 
We established a direct relationship between GBM stiffness and loss of 
compression effects using a physiologically relevant enzymatic cross
linking mechanism. 

Conclusion 

We hypothesized that crosslinking of GBM using mTG would in
crease the elastic modulus and reduce compression effects on Ficoll 
sieving coefficient. To test this hypothesis, we measured the stiffness of 
isolated GBM following treatment with mTG. This analysis confirmed 
that enzymatic crosslinking significantly increased GBM stiffness in a 
dose dependent manner. This biochemical modification has only a 
marginal effect on passive diffusion of Ficoll across the GBM but has a 
significant effect in the presence of applied pressure. Under pressure, 
Ficoll sieving coefficient decreased as a function of increased pressure as 
expected for a compressible ultrafilter. This effect was lost in mTG 
treated GBM. These data point to potential effects of disease mediated 
stiffening of the GBM as a molecular mechanism contributing to loss of 
glomerular size selectivity in the setting of chronic kidney disease. 

Materials and methods 

Microbial transglutaminase purification 

Native GBM was crosslinked with mTG (ACTIVA TI; Ajinomoto) 
derived from Streptomyces mobaraensis. The mTG was purified by cation 
exchange chromatography using an SP Sepharose column (HiTrap, 5 
mL). The column was pre-equilibrated with 50 mL buffer A (20 mM 
sodium phosphate, 2 mM ethylenediaminetetraacetic acid disodium salt 

dihydrate, pH 6.0) at a flow rate of 2 mL/min. To purify mTG, 10 g 
ACTIVA TI was dissolved in 100 mL buffer A followed by centrifugation 
at 5000 rpm for 5 min. The supernatant was loaded onto the column at 
the same flow rate. After washing the column with 50 mL of buffer A, 
mTG was eluted with buffer B (buffer A with 800 mM NaCl, pH 6.0). 
Approximately 5 mL purified mTG was collected after discarding the 
first 4 mL of flow through. The mTG was desalted using a PD-10 column 
(17085101, GE Healthcare). The PD-10 column was pre-equilibrated 
with 0.22 μm filtered phosphate buffer (50 mM phosphate, 150 mM 
NaCl, pH 7.0). After adding mTG to the column, the purified and 
desalted mTG was eluted. The mTG concentration was determined by a 
BCA protein assay kit (Pierce). The enzyme was aliquoted and stored at 
−20 ◦C. 

GBM preparation 

Pig kidneys were obtained from Lampire Biological Laboratories or a 
local slaughterhouse. Glomeruli were isolated on ice. After slicing the 
tissue with an electric food slicer, kidney cortex was minced using razor 
blades. The tissue was then passed through a 250 μm sieve using a 60 mL 
syringe plunger. Ice-cold PBS was frequently added to the tissue to assist 
in passing through the sieves. Glomeruli were then passed through a 150 
μm sieve and collected on a 32 μm sieve. Glomeruli were decellularized 
with 1 % SDC in deionized water (dH2O) with daily changes until no 
residual protein was observed (5–7 days). Following decellularization, 
the glomeruli were pelleted by centrifugation and washed with dH2O 
water for two days (5 times per day) without disturbing the pellet. The 
decellularized glomeruli were used for stiffness measurements or 
lyophilized for long-term storage at −80 ◦C. For diffusional permeability 
assays, lyophilized glomeruli were sonicated in PBS (250 μL, 10 mg/mL) 
and consolidated on a Transwell insert (0.4 μm, 12-well plate, Corning) 
in a 3 mL stirred cell for 30 min at 259 mmHg (5 psi) air pressure as 
described previously [17]. A nylon mesh and an O-ring were attached to 
the back side of the Transwell filter to prevent membrane damage. 
Transwell inserts with GBM were sterilized with 0.18 % peracetic acid 
(PAA) and 4.8 % ethanol in dH2O for 30 min. The GBM was washed with 
sterile PBS five times per day for 2 days. For the pressure-dependent 
compression assays, filter paper (GB003, Whatman GE Healthcare) 
and a supporting membrane (PBVK02510, EMD Millipore) were layered 
and assembled at the base of the stirred cell as described previously [49]. 
The supporting membrane had a nominal molecular weight limit 
(NMWL) of 500 kDa. GBM solution, 300 μL, was added to the stirred cell 
and consolidated under 259 mmHg pressure for 3 h. 

Scanning electron microscopy (SEM) sample preparation 

Decellularized glomeruli were washed with dH2O five times, fol
lowed by fixation with 4 % paraformaldehyde. The glomeruli were 
washed with dH2O and then sequentially incubated with 50 %, 70 %, 90 
%, and 100 % ethanol for 10 min each. Coverslips (12 mm, round) were 
coated with 2 % gelatin (G7041, Sigma-Aldrich) in dH2O at 37 ◦C for 30 
min. Approximately 50 μL of the solution containing glomeruli was 
added to each coverslip. The coverslips were left undisturbed for a few 
minutes until the glomeruli were firmly attached to the surface. The 
samples were dried using a Pelco critical point drier before gold sput
tering coating. Images were taken by SEM (Thermo Scientific Apreo). 

Stiffness measurements on decellularized glomeruli 

The stiffness of native and mTG-crosslinked glomeruli was charac
terized using a cantilever-based compression system as described pre
viously [33]. Decellularized glomeruli were washed with dH2O and 
incubated with 0–100 μg/mL mTG in PBS for 24 h. As a negative control, 
a set of glomeruli were treated with 1 mg/mL collagenase type 4 
(LS004188, Worthington Biochemical) in Hank’s Balanced Salt Solution 
with calcium and magnesium (14025076, Gibco) for 5, 15, and 30 min 
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at 37 ◦C. Glomeruli were vacuum fixed to chromatography tubing (25 
µm inner diameter) using a 10 mL syringe. A customized cantilever with 
a spring constant of 10 nN/μm was fabricated from a glass capillary tube 
by a pipette puller. The cantilever displacement was controlled by a 
micromanipulator at a speed of 5 μm/sec. Displacement of the cantilever 
and deformation of the glomerulus were analyzed using WINanalyze 
software. The measured force-displacement responses were fit to a 
modified Tatara model to calculate elastic modulus as described previ
ously [33]. 

FITC-Ficoll preparation and characterization 

FITC-Ficoll labeling and characterization were performed as 
described previously [47,50,51], and a detailed preparation and anal
ysis protocol can be found in Wang et al. [49]. Briefly, 100 mg Ficoll PM 
70 (F2878, Sigma Aldrich) was dissolved in 1.9 mL dimethyl sulfoxide 
(DMSO) at 37 ◦C in a water bath for 20 min to facilitate dissolution. FITC 
(46424, Thermo Fisher) was dissolved at 100 mg/mL in DMSO with 20 
mg/mL sodium bicarbonate. 100 µL of FITC-sodium bicarbonate was 
added to Ficoll solution to bring the total volume to 2 mL and was boiled 
in water for 15 min. The FITC-Ficoll was precipitated by adding 20 mL 
absolute ethanol overnight protected from light. Then FITC-Ficoll was 
pelleted and resuspended in 2 mL dH2O and placed in a water bath for 
20 min for dissolution. A PD-10 column (17085101, GE Healthcare) was 
used to remove unbound FITC after column equilibration according to 
the manufacturer’s instructions. 

FITC-Ficoll concentration was determined by size exclusion chro
matography in an Agilent 1260 Infinity II HPLC system using an Ultra
hydrogel 500 column (PSS831913, Waters). The flow rate of 0.22 μm 
filtered mobile phase (50 mM phosphate, 150 mM NaCl, 0.01% w/v 
sodium azide in dH2O, pH 7.0) was 0.5 mL/min. FITC-Ficoll (10 μL) was 
injected and analyzed by a fluorescence detector (G7121A, Agilent) at 
excitation/emission 495/520. Ficoll concentration versus molecular 
radius was analyzed in MATLAB. 

Diffusional permeability assays 

To evaluate the effects of crosslinking on diffusive molecular trans
port, native GBM was crosslinked with 100 μg/mL sterile mTG in sterile 
PBS for 24 h in a 37 ◦C incubator. Crosslinked GBM was washed with 
sterile PBS five times to remove residual enzyme. To perform diffusional 
permeability assays, the apical compartment of the GBM was filled with 
0.5 mL of 1 mg/mL FITC-Ficoll. The basolateral compartment was filled 
with 1.5 mL PBS only. A 100 μL sample was collected from the baso
lateral side at 30 and 60 min. To measure the diffusive permeability of 
Transwell filter only (PTM) the sample was collected at 5 and 15 min 
after diffusion. The concentration of the apical solution did not change 
significantly during the course of the experiment (Supplementary Fig. 
S4). Diffusional permeability was determined by Eq. (1) as described 
previously [47]. 

PGBM+TM = −ln
[

CB(t) − CA

CB(0) − CA

]

⋅
V
At

(1)  

where CB(t)and CB(0) are the concentrations in the basolateral 
compartment at two time points after diffusion, respectively; CA is the 
concentration of the apical compartment; PGBM+TM is the diffusive 
permeability of the GBM and the Transwell support; A is the area of the 
membrane; and V is the volume of the basal compartment. 

The diffusional permeability of the GBM (PGBM) was calculated using 
Eq. (2) to take into account the contribution of the Transwell membrane 
diffusive permeability (PTM) 

1
PGBM+TM

=
1

PGBM
+

1
PTM

(2)  

Pressure-dependent molecular sieving 

To determine the effects of crosslinking and stiffening of GBM on 
pressure-dependent molecular sieving, FITC-Ficoll in PBS (3 mL, 0.1 
mg/mL) was injected into the stirred cell. Air pressure at 26, 78, and 129 
mmHg (0.5, 1.5 and 2.5 psi) was applied to the GBM to drive fluid and 
molecular flux across the membrane. After obtaining the first 200 μL of 
filtrate, 500 μL of fresh FITC-Ficoll solution was injected into the stirred 
cell. After mixing, 300 μL of Ficoll solution was removed from the stirred 
cell and was used as the feed solution. The process was repeated until 
three filtrate and feed samples were obtained. After measuring the 
sieving coefficient, the native GBM was incubated with 2 mL 100 μg/mL 
mTG in PBS at 40 ◦C on a hotplate. The assays were conducted on the 
same GBM substrate before and after crosslinking. The FITC-Ficoll feed 
and filtrate samples were analyzed by size exclusion chromatography as 
described above. The sieving coefficient (θ) was calculated as the ratio of 
the filtrate concentration (CFiltrate) over the feed concentration (CFeed) by 
θ = CFiltrate/CFeed. 

Mathematical model of compression dependent molecular sieving 

To model the pressure-dependent effects of FITC-Ficoll sieving co
efficient we used a similar approach to that described by Edwards et al. 
[15] with a modified term to describe membrane compression effects. 
The molecular sieving coefficient is described by Eqs. (3)–(5)) 

θ =
ΦKc

1 − (1 − ΦKc)exp(−Pe)
(3)  

Pe =
(ΦKc)νδ
ΦKdD∞

(4)  

D∝ =
κT

6πηrs
(5)  

where ΦKc and ΦKd are the convective and diffusive hindrance factors, 
respectively, Pe is the Peclet number, ν is the fluid viscosity, δ is the 
thickness, D∞ is the free diffusivity, κ is Boltzmann’s constant, T is ab
solute temperature, and η is solvent viscosity. To account for membrane 
compressibility, Edward et al. assumed a linear reduction in ΦKc and 
ΦKd with increasing pressure [15]. We have observed non-linear 
dependence between applied force and GBM displacement indicative 
of strain stiffening or increased stiffness at increase applied stress [33, 
34]. As such, we reasoned that the dependence of the hindrance factors 
would be more pronounced at lower pressures and reduced as pressure 
increases due to strain stiffening. Therefore, we defined the dependence 
of ΦKc and ΦKd on pressure as 

ΦKd

(ΦKd)0
= 1 − e−βΔP =

ΦKc

(ΦKc)0
(6)  

PGBM =
ΦKdD∞

δ
(7)  

where (ΦKd)0 and (ΦKc)0 are the diffusive and convective hindrance 
factors at zero pressure. (ΦKd)0 was determined experimentally from the 
measured diffusive permeability (PGBM) at molecular radii from 3 to 7 
nm according to Eq. (7) where δ is the membrane thickness. The pressure 
dependence parameter β and (ΦKc)0 were fit to the experimental sieving 
coefficient data by least square error analysis in Matlab. (ΦKd)0 was 
modeled as (ΦKd)0 = a⋅exp( − b⋅rs), and (ΦKc)0 was modeled as 
(ΦKc)0 = d⋅exp(−e⋅rs) [17]. 

Statistical analysis 

The results are presented as the mean ± standard error of the mean 
(SEM). Statistical comparisons were made using paired t-test, unpaired t- 
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test, or one-way ANOVA with Dunnett’s or Tukey post-hoc test. Statis
tical tests were performed with GraphPad Prism. A p value <0.05 was 
considered statistically significance. 
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