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Abstract

The relaxation of 'H nuclei due to their interaction with quadrupolar N nuclei in gel
structures is measured using fast field-cycling (FFC) NMR. This phenomenon called
quadrupolar dips has been reported in different *H-*N bond-rich species. In this study we
have studied quadrupolar dips in fibrin, an insoluble protein that is the core matrix of thrombi.
Fibrin was formed by the addition of thrombin to fibrinogen in 0.2 % agarose gel. T;-
dispersion curves were measured using FFC NMR relaxometry, over the field range 1.5 - 3.5
MHz (proton Larmor frequency) and were analysed using a curve fitting algorithm. A linear
increase of signal amplitude with increasing fibrin concentration was observed. This agrees
with the current theory that predicts a linear relationship of signal amplitude with the
concentration of contributing **N spins in the sample. Interestingly, fibrin formation gave rise
to the signal, regardless of cross-linking induced by the transglutaminase factor Xllla. In
order to investigate the effect of proteins that might be trapped in the thrombi in vivo, the
plasma protein albumin was added to the fibrin gel and an increase in the quadrupolar signal
amplitude was observed. This study can potentially be useful for thrombi classification by
FFC-MRI techniques.
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Introduction

The technique of fast field-cycling (FFC) which involves rapidly changing the magnetic field
during a pulse sequence has developed steadily during the last three decades (1). The ability
to investigate the behaviour of a sample over a range of magnetic strengths has proved useful
to investigate molecular dynamics (2), in particular for the identification of quadrupole dips in
a way that cannot be examined using fixed-field NMR (3). With the recent incorporation of
FFC techniques into MRI, this technique opens up even more possibilities on living tissues

and organic materials (4).

In this study we focus on the 'H-"*N quadrupole dips previously observed in several
experiments (5). Quadrupole dips and related phenomena have been previously measured
using a number of methods and various types of sample, such as amino acids and nucleic
bases (6), liquid crystalline material in the solid state (7) or monitoring of the concentration of
immobilised protein (8). As the spin of the N nucleus is 1, it possesses a quadrupolar
moment that makes it relax very efficiently by coupling with the lattice. Magnetisation
transfer from water protons to **N can happen at a short range and leads to an increase in
water proton relaxation (9). This additional relaxation pathway occurs when one of the
nuclear quadrupolar energy levels matches the *H Larmor frequency, generating dips in the T,
dispersion curve called quadrupole dips at three distinct magnetic fields (or Larmor
frequencies), typically 16 mT, 49 mT and 65 mT (9). However, this process can only happen
when the NH bond is sufficiently immobilised compared to the coupling frequency, which
means in practice that it is observed in gels, solids and liquid crystal samples, but not in pure
liquids (10). The phenomenon manifests itself as dips or peaks in the T, or R; dispersion curve
respectively and hence they are named quadrupole dips or peaks respectively. Early research
on protein relaxation shows that the quadrupole dip behaviour varies slightly depending on

the protein investigated and its properties (11).

At the moment the relaxation mechanisms are not completely understood and models
proposed have evolved since the first theory (9). Sunde and Halle recently hypothesised that
magnetisation is transferred to the amide "N through a three-step transfer from the bulk water

via an intermediary proton (12).

Previous work predicted that the change in the modified proton relaxation rate due to nitrogen
cross-relaxation depends linearly on the concentration of protein in the gel sample, according

to the equation:
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AR =R® -R’

where AR; is the measured proton relaxation rate change due to cross-relaxation, R,?° is the
relaxation rate at the observed quadrupolar frequency and Ry’ is the relaxation rate due to the
lattice only (8).

In this study we chose to investigate a bio-medically relevant model system that would permit
monitoring of the quadrupole dips via NMR relaxometry. The fibrin clot model system has
been widely researched. Fibrin is the protein that forms the principal structural element of
blood clots, which restrict blood loss while maintaining the circulation of blood (13). Figure 1
illustrates the conversion of fibrinogen (a soluble protein found in blood plasma) to
polymerised fibrin and then to mechanically stable cross-linked fibrin (14). When a fibrin clot
forms, other proteins become trapped in this network. As the most abundant protein in blood
plasma, albumin is trapped in the clot and leads to a change in clot structure and

characteristics (15).

NMR based techniques have been previously used to investigate various properties of thrombi,
such as the effect on clot retraction on lysis using MRI (16), as well as the use of MRI
contrast agents with high specificity for fibrin (17-20) or FXIII (21) in thrombus detection.
The aim of this work was to expand on our preliminary work (4) on the measurement of
quadrupole peaks in R; and to investigate the linearity between quadrupole peak amplitude
and protein concentration in fibrin protein gels. We also investigated whether the quadrupole
peak amplitude is dependent on fibrin cross-linking. As trapped proteins have an effect on the
characteristics of the fibrin clot, we investigated their effect on the quadrupole peaks observed
in fibrin gel in order to evaluate the robustness of this method for future in vivo detection.

This was done through the addition of albumin, the most abundant protein in blood plasma.
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Methods

Fibrin(ogen) Samples for NMR relaxometry Samples: The protocol for fibrin formation
was based on established methods (22). Aqueous fibrinogen samples of 1.2 mL were
prepared using human fibrinogen (Hyphen Biomed, France) at 10 different concentrations,
ranging from 0.1 to 10 mg mL™, in 0.2 % (w/v) agarose (Sigma Aldrich, UK), 75 mM Tris
buffer (pH 7.8), 22 mM NaCl and 5 mM CaCl,. Fibrinogen was stored as 20 mg mL™ frozen
aliquots, defrosted at room temperature and placed on ice. Agarose was added to ensure
sample homogeneity; it was dissolved in 75 mM Tris buffer (pH 7.8), 22 mM NaCl and 5 mM
CacCl,, boiled in a microwave oven for 30 s and allowed to cool to 44 °C before being added
to fibrinogen and buffer. For clotted fibrin gel samples, clotting was rapidly induced by the
addition of thrombin at 0.4 IU mL™ (Sigma Aldrich, UK). Fully cross-linked fibrin samples
were made using the same procedure but with the addition of 3.3 U mL™ transglutaminase
FXIII (Aventis, France) and 10 mg mL™ fibrinogen. These were compared to fibrin clots
prepared with 1 mM transglutaminase inhibitor  1,3-dimethyl-2-[(2-oxopropyl)
thio]imidazolium chloride (23), which inhibits fibrin cross-linking. The inhibitor studies were
undertaken because the human fibrinogen used was contaminated with FXIII (contamination
was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(data not shown) (24)). Human serum albumin was incorporated in some fibrin samples: 3
mg mL™ fibrin(ogen) clot samples were prepared as above in the presence of 40 mg mL™
human serum albumin (Sigma Aldrich, UK).

Agueous fibrinogen and fibrin clot samples were prepared in small glass tubes for ease of
preparation and the 1.2 mL preparations were immediately transferred to standard NMR
sample tubes and incubated for 2 h before data acquisition. Clot turbidity in relation to clot
formation was monitored by 405 nm visible light absorbance using a Multiskan Ascent
(Thermo Labsystems, UK) plate reader. The reaction plateau was reached after approximately
1 h (data not shown). Sample preparation and incubation was done in a 37 °C water bath.

Experimental procedures were repeated three times on different days.

NMR relaxometry measurement: Relaxation rate measurements were carried out using a
fast field-cycling NMR relaxometer (SMARtracer, Stelar S.r.l, Italy). A temperature
controller with + 0.1 °C accuracy was used. The spin-lattice relaxation time T, was measured
using an inversion recovery pulse sequence using 30 different evolution fields linearly
selected between 1.5 and 3.5 MHz (proton Larmor frequency), in order to measure the two
higher-frequency quadrupole dips. The polarisation time and field used were 5 s and 5 MHz

respectively and the ramp time was set to 2.5 ms. The acquisition field was set to 7.2 MHz.


http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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Data analysis: The values of T, were calculated using a monoexponential model, checking
that the R® (25) values of the fits were greater than 0.999. The data was analysed by a curve
fitting algorithm (Matlab) using a model derived from the literature (9) using Lorenzian bells
for peaks R,?° and a power law for the background R,’ signal. It can be noted that the data
from fibrinogen cannot be used as a background line since clotting affects the spin-lattice

relaxation in the fibrin samples.

Results

Quadrupole peaks were observed in a sample of clotted 10 mg mL™ fibrin. Figure 2 shows an
experimental R;-dispersion curve of a sample of 10 mg mL™ fibrin, together with a fitted
curve. The two higher-frequency quadrupole peaks are clearly observed over the baseline
spanning the frequency range of 1.5 to 3.5 MHz. The figure also shows a dispersion curve
obtained from fibrinogen alone, which exhibits no quadrupolar peaks, as expected from the

mobile protein in solution.

The amplitude of the quadrupole peaks arising from varied concentrations of fibrin was
examined. Fibrin clots were prepared from fibrinogen solutions whose concentration varied
from 0.1to 10 mg mL™. Measurements were made at 37 °C. Figure 3 shows R; as a function
of the proton Larmor frequency for these samples in the range of 1.5 to 3.5 MHz. The
progressive increase in amplitude of the quadrupole peaks can be seen as the fibrin
concentration increases (from bottom to top dispersion curves respectively). Figure 4 shows
the fitted quadrupolar peak amplitude as a function of fibrinogen concentration. A linear
dependence is seen. Fibrinogen alone exhibited no quadrupole peaks at any of the

concentrations (data not shown but illustrated in Fig 2 for the highest concentration).

The effect of temperature on quadrupole peak amplitude was investigated (Figure 5) by
acquiring a proton R; dispersion curve for fibrin clot samples of varied concentrations
measured at 25 and 37 + 0.1 °C (after incubation at 37 °C for 2 h). The fitted AR; value of the
25 and 37 °C curves measured (94.4 + 5) x 10°%s™ and (87.4 + 7) x 10°s™ respectively.

The effect of increasing fibrin clot rigidity was examined by inducing full cross-linking.
Figure 6 illustrates that there was no effect on the proton R, dispersion curve upon addition of
FXII1. The fibrinogen used was contaminated with FXIII and so we examined the effect of an
inhibitor of transglutaminases, including FXIII (23), which again had no effect. When the

curves were fitted (not shown), the R? value of the fits for fibrin, fibrin with added FXIII or
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inhibitor were 0.99, 0.99 and 0.97 respectively. The fitted quadrupole peak amplitude (x 10
s™1) of the various 10 mg mL™ fibrin samples were 91 + 8 for fibrin, 95 + 12 for fibrin with
added FXII1 and 92 + 3 for fibrin with added inhibitor (Table 1).

The effect of the addition of aloumin on fibrin quadrupole peak amplitude was studied. The
physiological concentration range of fibrinogen in blood plasma is 2 — 4.5 mg mL™ and the
concentration of albumin is 35 to 55 mg mL™ (26). The amplitude of the 3 mg mL™ fibrin
clots with or without added albumin (40 mg mL") measured at 37 °C were
(48.1+7) x 10°s? and (23.1 + 7) x 10°s™ respectively. No quadrupolar signal was observed

from fibrinogen samples with added albumin (data not shown).

Discussion

It is evident that fibrin clots exhibit significant quadrupole peaks in their R, dispersion curves,
as seen in Figures 2 and 3. The quadrupole peak is generated when the motion-restricted
fibrin polymer is formed in a clot. Non-clotted fibrinogen samples did not present such
features (Figure 2), indicating the specificity of this technique for immobilised proteins.
Furthermore, the amplitude of the quadrupole peaks, ARy, is linear with protein concentration
in the source solution (Figure 4).

It should be noted that the curve fitting algorithm may introduce a bias at low concentrations
of fibrin. Even when no clotting occurs, noise in the dispersion curve may be interpreted as a
peak by the algorithm. This gives a residual apparent signal at fibrin concentrations lower
than 1 mg mL™ that depends on the standard deviation of the dispersion curve relative to the
baseline. The signal-to-noise ratio measured from the averaged results indicates a detection
threshold of 1.04 mg mL™ starting fibrinogen concentration. This can be lowered by using
averaging during the data acquisition, but it is still lower than the typical physiological
concentration of fibrinogen in plasma (2 to 4.5 mg mL™) (26). The histogram of the residuals
from the fits of the quadrupole peaks was close to a Gaussian distribution (data not shown),
indicating randomly distributed noise, with a centre shifted by (0.12 + 0.56) x 10°s™. This

indicates a negligible bias in the fit of the quadrupole peaks.

The effect of temperature on R, (Figure 5) was investigated and the slope of the mean peak
amplitude analysed at 25 °C was (9.0 + 0.6) x 10 s™*, whilst at 37 °C the mean amplitude was
(7.7 £ 0.9) x 10° s'. A p-value (25) of greater than 0.99 revealed a small but significant

difference in the quadrupole peak amplitude between the results obtained at 25 °C and 37 °C.
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Thermal energy increases the Brownian motion of the molecules as stated in the literature

(19), therefore may affect the facilitated access of water molecules to the NH site.

We also investigated whether gel rigidity through fibrin cross-linking affected fibrin
quadrupolar peak amplitude. This was done by clotting fibrinogen in the absence and
presence of FXIII (Figure 6). Table 1 lists the measured AR; values for the different samples.
A paired T-Test (25) was performed on the data. The p-values for (i) fibrin compared with
cross-linked fibrin (+FXII1), and 9ii) fibrin compared with fibrin in which the action of FXIII
was inhibited were 0.68 and 0.58 respectively, meaning that there is no significant difference
between the amplitudes. This indicates there is no effect on fibrin peak amplitude from gel
rigidity, within the range of these measurements. This suggests that the quadrupolar peak
signal is not dependent on how immobilised the protein is but rather that once it is sufficiently
immobilised the signal is generated and is not affected. This finding indicates that the
quadrupole signal is generated when fibrin is formed, and may reflect polymerization, but this

was not formally assessed.

Trapped proteins affect the structure and characteristics of the fibrin clot. An increase in the
mean quadrupole peak amplitude of fibrin was observed with the addition of albumin (at
physiological concentration). A quadrupole dip in T, in serum albumin has been documented
previously in the literature (5). An explanation for this result may be that albumin is trapped
in the fibrin clot gel and hence is sufficiently immobilised. This may have an effect on the
residence time of albumin, therefore allowing magnetisation to be transferred to the amide *N
from the bulk water as suggested by Sunde and Halle (12) and relaxation to occur. Further
work will have to be done to investigate the dynamics and characteristics of albumin when
trapped in the gel network that give it this property. Observations of samples in which
albumin was added to 10 mg mL™ fibrinogen (data not shown) gave no quadrupole peaks in

the dispersion curve.

Conclusions

Quadrupole peaks in the R; dispersion plots of human fibrin have been demonstrated and
linearity has been established over a range of concentrations that cover physiological
concentration and temperature. This is in agreement with previous work on protein samples
(12). An increase in clot rigidity and mechanical stability from the presence of fibrin cross-

linking did not lead to a significant change in peak amplitude, indicating that AR; amplitude is
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sensitive to fibrin formation but not to cross-linking in this particular system. The temperature
at which an NMR measurement of a fibrin clot is taken does affect the quadrupolar peak
amplitude. There is a significant effect on AR; amplitude with the addition of albumin to
fibrin clots and further work needs to be done to investigate this effect.

Our results showed that cross-linking levels will not affect quadrupolar cross-relaxation in
future in vivo studies but that proteins trapped in the clot such as albumin may significantly
increase the amplitude of that signal. Potentially, future work will lead to a novel method
using FFC-MRI to establish the concentration of in vivo fibrin. This may have a clinical role

in the detection and treatment of thrombi formed when haemostasis is deregulated.
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Table 1

Average quadrupole peak amplitude (AR;) of 10 mg mL™ fibrin +/- EXII1 or EXI11

inhibitor
Sample Fibrin Fibrin + FXI11I Fibrin + FXIII Inhibitor
Amplitude (x 10°s™) 91+8 95 + 12 92+3
Paired T-test p-value - 0.68 0.58

(compared with
Fibrin sample)
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Fibrinogen
Thrombin Cleaved
,’Fibrinopeptides
K

Cross-linked Fibrin Fibrin monomer
FXIll — FXllla

Calcium + Thrombin + Fibrin

Fibrin polymer

Figure 1: (a) Fibrinogen has a central E domain joined by segment coils to two D outer
domains. (b) Thrombin cleavage releases firstly fibrinopeptide A and then fibrinopeptide B
from the central E domain, exposing shielded fibrin polymerisation sites. A fibrin monomer is
formed. (c) A fibrin clot is formed by fibrin polymerisation as the exposed sites on the E
domain have strong affinity for the D domain of opposite monomers (13). (d) The activated
transglutaminase factor Xllla (FXIIla) causes fibrin matrix maturation and stabilisation via

covalently cross-linked flanking fibrin unit D domains (14).
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Figure 2
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Figure 2: Proton R, dispersion measurements (filled circle) of a sample of 10 mg mL™ fibrin
in the region of the quadrupole peaks compared with fibrinogen (empty circle). The solid line
shows the fitted curve based on the model (see text) and the baseline (dashed line) is a power
law provided by the model used for curve fitting. AR; (8) (solid double ended arrow) is the
measured quadrupole peak amplitude. Unfilled circles show proton R; dispersion
measurements from a sample of 10 mg mL™ fibrinogen, demonstrating the lack of quadrupole

peaks from the solution of mobile protein.
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Figure 3: Data obtained showing the variation of the proton spin-lattice relaxation rate R; with
proton Larmor frequency (MHz) from samples of varying starting concentrations of
fibrinogen. Dispersion plots were fitted as described in the text. The curves from bottom to
top correspond to increasing concentrations of fibrin, from 0.1 to 10 mg mL™ measured at
37 °C.
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Figure 4
100 ' ' '
" Fibrin (37 °C)

_ 80 |——Fit R?=0.92
ICD E -
9 60 } g

S P

~ 40 i E g E |
r

S a0l . ]

oé" ' , . ‘ ]

0 2 4 6 8 10
Fibrinogen concentration / mg mL"

Figure 4: Average quadrupole peak amplitude as a function of fibrinogen concentration.
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Figure 5
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Figure 5: Quadrupole peak amplitude as a function of fibrinogen concentration, showing the

effect on the slope of measuring at 25°C sample temperature (filled circle) and 37 °C (square).
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Figure 6
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Figure 6: Effect on quadrupole peak amplitude of the addition of FXIII or FXIII inhibitor to

10 mg mL™ fibrin clots measured at 37 °C.
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