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Abstract 
 
We show here for the first time the potential of the in vivo application of optical tweezers 
equipped with far-field interferometry to the microcirculation. Mouse cremaster muscle 
capillaries, in which blood flow was temporarily halted, were mechanically probed by 
detecting the displacement of trapped endogenous platelets or injected silica beads 
(diameter < 1 µm). Against expectations, the vessel lumen was found to be entirely 
viscous. We could therefore not confirm the hypothesized viscoelastic properties of the 
endothelial glycocalyx (EG), which is extruded by and attached to the endothelial cells that 
line the inside of blood vessels.   We could attach platelets to the vessel wall when the 
platelets were held against the wall during fluorescent illumination (excitation of 
fluorescein isothiocyanate (FITC) labeled dextrans) of the blood vessels. The platelets 
stayed attached with the attachment site located at the rim of the platelets, and could be 
rotated with the optical tweezers around this attachment-point. Further characteristical 
observations were that in 25 % of the cases the platelets could be translocated along the 
vessel wall. In some cases platelets seemed to be attached to the wall by a tether that 
could be micrometers long. In conclusion, optical tweezers with far-field interferometry 
have the potential to be a tool for in vivo manipulation and mechanical probing of vessel 
wall–platelet interactions. 
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Introduction 

 
Optical tweezers have, since their introduction [1], been widely used for probing biological 
systems from model gels [2, 3, 4, 5, 6] to cells [7, 8], but never before in a living animal. 
The thin transparent mouse cremaster muscle has capillaries that can be individually 
visualized with an intravital microscope and seems therefore an ideal system for studies 
with optical tweezers. In this manuscript we describe the application of optical tweezers to 
the study of the microrheological properties of the glycocalyx and the interaction of 
platelets with the vessel wall. 
 The inside of capillaries is covered with an at least 0.5 µm thick viscoelastic layer, the 
endothelial glycocalyx (EG), which is extruded by and attached to the endothelial cells that 
line the inside of blood vessels [9]. It has been described that in humans, with a total 
intravascular volume of about 4.5 l, the total glycocalyx volume amounts up to 1.5 l [10]. 
There are several observations that point to an important role for the EG as a protector 
against vascular diseases like atherosclerosis.  For example, the vulnerability of diabetic 
patients for vascular disease may find its origin in a strong decrease of EG volume. In 
type 1 diabetic patients  the EG volume is decreased to 0.8 l without microalbuminuria, 
and even to  0.2 l for patients with microalbuminuria [10]  Furthermore a disruption of the 
EG by oxidized low-density lipoproteins results in an increase in platelet-wall adhesion 
incidents [11].  
 It is important to establish the microrheological properties of the EG since the EG 
determines the interaction between the endothelial cells and the flowing blood. For 
example shear stress is transmitted to the cells via the EG [12, 13, 14]. Moreover, it has 
been demonstrated that the EG in capillaries can be compressed by passing leucocytes 
and that restoration of the layer thickness takes about a second, pointing to the possibility 
that the layer exhibits elastic properties [15]. Probing the mechanical properties of the EG, 
however, is difficult due to its size and location. For this a non-invasive microrheological 
technique, like optical tweezers, is required.  
 We used a laser tweezing interferometry setup custom built around an upright intravital 
epi-fluorescence microscope. Measurements were done in only plasma containing parts 
of spontaneously (temporarily) obstructed vessels. Platelets or injected silica beads 
(diameter < 1 µm) were removed from the flowing blood stream of non-obstructed vessels 
and transported into the non-flowing side branches, with the use of optical tweezers.  The 
viscoelastic properties inside the vessels were obtained from the thermal motion of the 
particle within the trap. We found that the inside of the vessels that were probed was 
entirely viscous. In the past it has been shown that the EG can be deteriorated by oxygen-
derived free radicals, and one way of locally producing these is via excitation of 
fluorochromes [16]. In our experiments fluorescein (FITC) labeled dextrans (MW 2000 
kDa) were present in the circulation, and were activated to deteriorate the EG by 
fluorescent illumination for 10 s. Although this did not result in an intra-luminal mechanical 
change, we did observe that the majority of platelets adhered to the vessel wall when the 
vessels were fluorescently illuminated with the platelets held close to the vessel wall by 
the optical tweezers.  Our experimental setup seems rather suited for studying such in 
vivo (patho)-physiological cell-vessel interactions. 
 
 
Material and methods   

All procedures and protocols were approved by, and carried out according to the 
guidelines of the Animal Care and Use committee of the Academic Medical Center, 
Amsterdam. Male mice (25–30 g BW) were obtained from Harlan. 
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General surgery and anesthesia 
 
Mice were initially anesthetized by intraperitoneal injection of ketamine hydrochloride (125 
mg/kg), mixed with medetomidine (0.2 mg/kg) and atropine (0.5 mg/kg). They were 
subsequently tracheotomized and ventilated with 50% N2/50% O2. Anesthesia was 
maintained by continuous intraperitoneal infusion of ketamine hydrochloride (3.5 mg/ml), 
medetomidine (20 µg/ml) and atropine (7.5 µg/ml) at a rate of 0.1 ml/10 g BW/hr. The right 
carotid artery was cannulated for the measurement of systemic blood pressure and heart 
rate; the jugular vein for the administration of fluorescein and microspheres. Oesophageal 
temperature was maintained at ~37° C by radiant hea t. 
 
 
Cremaster preparation 
 
The mouse was placed in supine position on a custom-built platform. The right cremaster 
muscle was prepared following Baez [17]. The exposed muscle was spread radially on a 
clear silica circular plate and pinned at the edges. The muscle was continuously (~5 ml 
min-1) superfused at 34 oC with a bicarbonate-buffered physiological salt solution (PSS) 
(131.9 mM NaCl, 4.7 mM KCl, 2.0 mM CaCl2, 1.2 mM MgSO4, 20 mM NaHCO3) 
equilibrated at a pH of ~7.4 with 5% CO2/95% N2. Following surgery, the anesthetized and 
mechanically ventilated mice were transferred to the stage of the intravital 
microscope/optical trap setup. 
 
 
Light-dye 
 
Fluorescein isothiocyanate (FITC)-dextran (2000 kDa) dissolved in a Mops buffer 
containing 1% BSA (10 mg/ml), was administered as a bolus (100 µl) via the jugular vein.  
 
 
Setup 
 
Our optical trap setup is built around and attached to an upright intravital epi-fluorescence 
microscope (BX51WI, Olympus, Tokyo, Japan). The near-infrared laser (diode laser, λ = 
830 nm, cw, 140 mW, 1Q1C140 G5, Laser 2000, Munich, Germany) and trap optics are 
located at the back of the microscope (Figure 6.1 with details of the laser and trap optics 
in Figure 6.2). To provide space for the laser light to pass from the back to the front of the 
microscope where the objective is positioned, the microscope was modified by replacing 
part of its solid frame by a hollow block through which the laser light can pass. Via a 
dichroic mirror (750DCSX, Chroma Technology Corp, Rockingham, VT, USA) the light is 
then guided along the optical axis into the back of the microscope’s high NA water 
immersion objective lens (UPlanApo, 60x, NA=1.2, Olympus), where it is focused to a 
diffraction-limited spot. A set of telescope lenses (f = 11 mm) positioned in front of the 
dichroic mirror makes fine positioning of the spot in the three perpendicular directions (1 
axial, 2 lateral) possible. A beam expander (3x, LINOS Photonics, Germany) positioned in 
front of the telescope lenses, ensures that the objective back focal plane is completely 
illuminated and that optimal trapping conditions are satisfied. A combination of a λ/2-plate 
and polarizer, positioned in front of the laser, allow for adjustment of the trapping power.  
Between the λ/2-plate and laser, an optical isolator (41 dB isolation, Optics for research, 
Caldwell, NJ, USA) protects the laser from back reflections, increasing its stability. 
Furthermore a shutter is used for on/off switching of the trap during the course of an 
experiment. 
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Figure 6.1: Schematic of the setup (not to scale). Mouse is in actual setup positioned on its back. 
Laser light is brought via mirrors into the back of the objective lens and is focused inside a capillary 
of the mouse cremaster muscle, forming an optical trap.  A blow-up of the capillary with a trapped 
bead inside is shown on the left. The laser light is collected by the condenser lens and imaged onto 
the quadrant photodiode enabling high resolution position detection of the trapped particle. 
 
 
 The motion of the particle trapped in the laser focus is detected with a quadrant 
photodiode (diameter = 10 mm, SPOT-9DMI, UDT Sensors, Hawthorne, CA, USA). The 
laser light, after passing through the sample and interfering with the light scattered by the 
particle, is collected by a condenser lens (NA = 0.8, WI-UCP, Olympus), and via a mirror 
and lens imaged onto the quadrant photodiode. The photodiode is positioned in a plane 
conjugate to the condenser’s back focal plane. The lens is also used to center the back 
focal plane image on the detector. An 830 nm line filter (Z830/10, Chroma Technology 
Corp, Rockingham, VT, USA)  positioned directly in front of the detector, ensures that only 
laser light is detected.  
 The output photocurrents from the four quadrants are converted to voltages and 
amplified by low noise preamplifiers. The signals are combined, using analog electronics, 
to give two output voltages, proportional to either the x-, or y- displacement of the particle 
from the center of the trap in the plane normal to the optical axis. The two displacement 
signals were sampled via an A/D converter (200 kHz, 16-bit A/D, DSA board, PCI-4451, 
National Instruments, Austin, TX, USA) and processed using software written in LABVIEW 
(National Instruments, Austin, TX, USA). 
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Figure 6.2: Optical tweezers setup built around an upright microscope. The whole setup is 
positioned on an x-, y-stage. Most of the components for optical trapping are positioned in the black 
box at the back of the microscope. (a) front view, (b) view inside the box taken from the right and 
(c) view inside the box taken from the left. Main components are indicated with arrows. 
 
 
Particle motion measurements 
 
Particles, platelets or silica beads, were trapped from vessels with flow present, and 
transported into the side vessels, where blood flow was halted, by moving the stage (x, y) 
or changing the objective height (z). The thermal motion of the particle within the trap was 
detected with the quadrant photodiode using back-focal-plane interferometry [18]. The 
output photocurrents from the four quadrants were converted to voltages and amplified by 
low noise preamplifiers. The signals were combined, using analog electronics, to give two 
output voltages, proportional to either the x-, or y- displacement of the particle from the 
center of the trap in the plane normal to the optical axis. The two displacement signals 
were sampled at 100 kHz via an A/D converter (200 kHz, 16-bit A/D, DSA board, PCI-
4451, National Instruments, Austin, TX, USA). Data per measurement was taken for 10 
sec (220 data points per direction) and processed using software written in LABVIEW 
(National Instruments, Austin, TX, USA). 
 The power spectral density S(f) (PSD) was obtained via a Fast Fourier transform. At 
high frequencies one typically observes power law behavior S(f) ∝ fα. For a purely viscous 
medium α = -2, for a viscoelastic medium α > -2 [19]. At low frequencies, the 
displacement of the particle is confined by the trap which results in a flattening of the PSD. 
For a purely viscous medium, the amplitude of the PSD is a direct measure for the 
viscosity of the material. 
 To mechanically probe the interior of blood vessels we used two different types of 
probe particles: endogenous platelets and injected silica beads (diameter = 0.5 or 0.8  
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µm). When platelets were used as probe particles, there were per vessel at least four 
measurements done: two at the center and two at the wall. The first measurements at the 
center and at the wall were performed at control conditions with measurements then 
repeated during (platelets in center of vessels) and after (platelets at wall) the vessels 
were fluorescently illuminated for 10 sec. When possible, e.g. when the blood flow did not 
restart after the second wall measurement, a 5th measurement was taken with the 
platelets held against the wall while the vessels were again fluorescently illuminated for 10 
s.  In all measurements done at the wall the platelets were held with their long axis parallel 
to the wall. We probed in total 23 capillaries in 4 animals. An extra set of experiments was 
done in which the platelets were held at the vessel wall while the vessels were illuminated 
for 10 sec (6 animals, 20 capillaries) without prior illumination of the vessels when the 
platelets were held in the center of the vessels. Furthermore we did some measurements 
using 0.5 (1 vessel) or 0.8 µm (4 vessels) silica beads as probe particles. The bead 
measurements were done without fluorescently illuminating the vessel: one in the center 
and one at the vessel wall. Since no fluorescence was used we could probe a vessel at 
different positions (31 wall measurements). 
 
 
Results   
 
Endogenous platelets could be trapped from vessels with blood flow and could be 
transported to side branches where the blood flow was halted. An example of the capture 
and transport of a platelet is shown in Figure 6.3. Vessels were mechanically probed by 
measuring the displacement of the trapped platelets, resulting in the power spectral 
densities (PSDs) in the center and at the vessel wall.  
 In Figure 6.4 (e) the power spectral densities are shown obtained at the center (Figure 
6.4 (a)) and at the wall (Figure 6.4 (b)) without fluorescent illumination. The fit of the PSD 
in the range of 3.5 to 12.5 kHz resulted in α = -1.95 ± 0.02 in the center and α = -1.82 ± 
0.01 at the wall of the vessel. The fits are shown in Figure 6.4 (e). These values did not 
significantly change upon fluorescent illumination of the vessel. This is demonstrated in 
Figure 6.4 (f) where the PSDs are shown obtained at the center during fluorescent 
illumination (Figure 6.4 (c)) (α = -1.97 ± 0.02) and at the wall after fluorescent illumination 
of the vessel (Figure 6.4 (d)) (α = -1.80 ± 0.02). The average values of the slopes of all 
the PSDs in the two (x-, y-) directions are shown in Table 6.1. Data are provided for center 
or wall, prior, during (center) or after (wall) the 10 sec fluorescence period. Like the 
example in Figure 6.4, the average slope α of the PSDs slightly differed between the 
center region and the near wall region. This change was still visible after 10 sec 
fluorescence. When silica beads (diameter < 1µm) were used to mechanically probe 
vessels no difference in the power of the PSDs obtained at the center or at the wall was 
observed as can be seen in Figure 6.5 and in Table 6.1. 
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Figure 6.3: Capture and transport of platelet from vessel with flow to one with halted flow. The 
arrow indicates the position of the trap. In (d) the platelet is trapped and subsequently (e,f) 
transported into the side branch where the blood flow is halted. Scale bar is 10 µm.  
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Figure 6.4: Mechanical probing inside a capillary with a platelet as probe particle. Power spectral 
densities (PSDs) were obtained in the center (a, c) and at the wall (b, d) prior to (a, b), during (c) 
and after (d) fluorescent illumination of the vessel by excitation of FITC-dextran (2000 kDa). Scale 
bar is 10 µm. Resulting spectra are shown in (e, f) prior to (e), and during and after (f) the 10 sec 
fluorescent illumination period. Line with slope of -2 and the fit with Afα  is also shown in (e,f). 
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Figure 6.5: Mechanical probing inside a capillary by using a 0.8 µm bead as probe particle. Power 
spectral densities (PSDs) (c) were obtained in the center (a) and at the wall (b). Scale bar is 10 µm. 
(d) PSD with (solid lines) and without (dotted line) the probe particle in the trap. PSDs in (d) were 
obtained in the same vessel as (a-c) but at different center and wall positions. The blue line in (c,d) 
indicates a slope of -2.  
 
 In the example of Figure 6.5, a 0.8 µm bead was trapped in the center (a) and 
subsequently brought to the vessel wall (b). PSDs obtained at both positions are shown in 
Figure 6.5 (c). In Figure 6.5 (d), another example of a PSD is shown obtained with the 
same probe particle but at different (center and wall) locations in the same vessel. Also 
shown in Figure 6.5 (d) is the PSD at the vessel wall when no probe particle was in the 
trap (dotted line). No difference in results between the PSDs obtained with the 0.5 µm or 
0.8 µm particles was found. 
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Table 6.1: Mechanical properties inside mouse cremaster capillaries at the center and at the wall 
prior to (no fluorescence) and during (platelet in center) or after (platelet at wall) (fluorescence) a 
10 sec excitation of FITC-dextran 2000. Shown are the average values of the slope (α) of the 
power spectral densities of the displacement of the trapped platelets (n=23) or silica beads (n=31) 
obtained between 3.5 and 12.5 kHz.    
 
 Platelet 

No fluorescence  
Platelet 
Fluorescence 

Bead 
No fluorescence 

α [V2/Hz2]  
(center) 

-1.96 ± 0.04 -1.95 ± 0.05 -1.99 ± 0.02 

α  [V2/Hz2] 
 (wall) 

-1.84 ± 0.08 -1.84 ± 0.09 -1.98 ± 0.03 

 
 
 

 In 89 % of the cases in which platelets were used, it was possible to move them back 
from the wall after the second wall measurement (16% of these platelets were 
momentarily attached to the wall). When the platelets were brought to the wall for the third 
time and held there while the vessels were fluorescently illuminated, we could, however, 
in only 50 % of the cases remove them from the wall. The other 50 % of the platelets 
stayed attached to the wall at their short axis. In these cases of permanent attachment we 
were able to rotate the platelets around the attachment-point (Figure 6.6 (a-c)). When we 
fluorescently illuminated the vessel for 10 sec for the first time while the platelets were 
positioned at the vessel wall, 60 % of the platelets stayed attached. Apart from being able 
to rotate the platelets around the attachment point, we were also able in 25 % of the cases 
of these permanent attachments to “slide” the platelets along parts of the vessel wall 
(Figure 6.6 (d-f)). Furthermore in some events the platelets were attached to the wall by a 
(not visible) tether, which could be several micrometers long. In the example shown in 
Figure 6.7, the platelet was pulled out of the trap by the tether (b-c) but could 
subsequently be translocated by the optical tweezers (g-i) along the vessel wall from a 
new attachment site (f).  
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Figure 6.6: Rotating of platelet around vessel attachment point from left (a) to right (c), and ‘sliding’ 
along the vessel wall (d-f). Platelets became attached to the vessel during a 10 s fluorescent 
illumination period (excitation of FITC-dextran 2000) while the platelet was held with its long axis 
parallel to the vessel wall by the optical tweezers. Scale bar is 10 µm. 
 

Figure 6.7: Platelet attached to the vessel wall by a (not visible) tether. Platelet is moved from the 
vessel wall (a-b) by the optical tweezers but cannot be pulled further and is subsequently pulled 
back to the vessel wall by the tether. (d-e) Again pulling of  platelet away from the wall by the 
optical tweezers, the subsequent formation of a new attachment site with the vessel wall (f), and 
finally ‘sliding’ along the vessel wall (g-i). Scale bar is 10 µm. 
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Discussion 
 
We introduced with this paper a custom-made intravital microscope equipped with optical 
tweezers and far-field interferometry with which we were able to mechanically probe 
locally inside capillaries of the mouse cremaster muscle and study platelet-vessel wall 
interactions. The luminal side of blood vessels is thought to be covered by an at least 0.5 
µm thick viscoelastic layer, the endothelial glycocalyx (EG), which is extruded by and 
attached to the endothelial cells that line the vessel wall [16, 20, 21, 22]. We did not find 
evidence for viscoelastic properties that one would expect for a layer extending from the 
vessel wall in the order of micrometers. We used two types of probe particles: 
endogenous platelets and, via the jugular vein injected, silica beads (diameter 0.5 or 0.8 
µm). For the platelets, but not for the beads, there was an increase in drag at the vessel 
wall compared to the vessel center. Futhermore platelets could be attached to the vessel 
when held in close proximity to the wall during excitation of the fluorochromes, with an 
attachment site located on the rim of the platelets. 

 
 
Methodological considerations 

 
The difference in drag between platelets and silica beads is likely due to differences in 
geometry between the two types of probe particles. Possibly the movement of the 
platelets near the vessel wall was hindered due to an interaction with the wall but was not 
dominated by glycocalyx properties. An additional cause for the difference between 
platelets and silica particles may have been noise.  The amplitude of the PSD for the 
platelets was small near the vessel wall and noise will influence the slope of the PSDs as 
demonstrated in Fgure 6.5 (d) where the power spectral density (PSD) near the wall 
without a probe particle in the trap is shown. When beads were used as probe particles 
the amplitude of the PSDs was higher and on average a power of about -2 was found for 
the PSD at high frequencies. From this we can conclude that the inside of the capillaries 
probed is entirely viscous.  
 In capillaries (hamster) the EG is concluded to be about 0.5 µm thick [16, 23]. This 
thickness was obtained by comparing the difference in column width of fluorescently 
labeled dextrans that can (MW = 40 kDA) or cannot enter the EG (MW ≥70 kDA). The 
probe particles used in this study are of the same dimension as the EG, and hence we 
should have been able to pick up a change from a purely viscous environment in the 
center (plasma) to a viscoelastic environment (EG) near the vessel wall. Thus we have to 
conclude that most likely no thick viscoelastic glycocalyx layer is present, or is thinner 
than 0.5 µm. In any case, the observation that platelets do not adhere to the vessel wall 
under control conditions indicates that some functional EG was still present under these 
conditions [11]. 
 An explanation for the difference in observations may be the absence of perfusion in 
our vessels during the measurements since absence of physiological flow may 
compromise the EG [24]. The EG is a complicated compartment, constituted of 
proteoglycans, glycolipids, glycosaminoglycans and embedded plasma proteins. When 
one of its components is diminished, the EG may loose its mechanical properties [12, 14, 
13]. One compromising factor for the EG is formed by oxygen-derived free radicals [25, 
16].  
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Mechanisms of platelet endothelium interaction 
 
Oxygen-derived free radicals can also activate platelets [26]. We found that for platelet-
wall adhesion to occur the platelets need to be in close contact with the vessel wall during 
illumination which might activate the platelets and/or diminish the EG. In contrast when 
vessels were fluorescently illuminated while the platelets were held in the center of the 
vessels, almost all of the platelets did not attach to the wall when brought there after the 
fluorescence illumination. More than half of the platelets subsequently stuck to the vessel 
wall after a second illumination period of 10 sec with the platelets now held parallel and 
close to the wall. This attachment of the platelets to the wall was most likely not due to the 
extra illumination period. The same percentage of platelets stuck to the wall without prior 
illumination of the vessels while the platelets were held away from the wall. Apparently 
platelets must be in the vicinity of the wall during illumination for a strong attachment to 
occur.  
 Since we did not find a difference prior to and after the fluorescence period of 10 sec 
in EG mechanical properties, we cannot conclude that the adhesion occurred due to a 
diminishment of the EG. Furthermore we did not observe a change in platelet morphology 
usually a clear indicator for platelet activation. It is well known that platelets attach to 
blood vessels at sites of vascular injury, where the endothelial cell lining of the vessels is 
disrupted and the underlying collagen layer is exposed. Platelets can bind via their GPIbα- 
receptor to Von Willebrand factor (vWF) which is bound to the collagen layer [27]. vWF is 
synthesized by endothelial cells and is stored in the Weibel-Palade bodies of the cells. 
Inducement of the release of vWF can result in the attachment of platelets to endothelial 
cells and the translocation of the platelets along the vessel wall in mouse mesenteric 
venules at low shear [28]. Thus also with an intact endothelial cell lining platelets can 
adhere to the vessel wall. The secretion of vWF can be induced by free radicals 
(superoxide anions) [29], which are also formed during the fluorescence excitation used in 
this study [16]. Furthermore  tethers have been observed during platelet translocation 
between non-activated platelets and vWF [30, 31]. Only a small area of the platelet 
membrane is involved in the attachment to vWF, and the tethers seem to be located at the 
rim of the platelets. Although we observed in our in vivo study similar platelet behavior, we 
cannot rule out that other interactions between the platelets and the vessel wall were 
responsible for the tethering and translocation along the vessel wall. Platelets for instance 
can also bind to P-selectin expressed by endothelial cells [32, 33]. The objective of this 
study, however, was to mechanically probe the inside of blood vessels in vivo, but by 
using platelets as probe particles the much broader application of the technique has 
become evident. Although we did not measure an elastic layer covering the inside of the 
vessels that we probed, an in vivo technique, like the one used in this study, seems to be 
the best way to unravel the mechanical details of the EG since under standard cell 
culturing conditions and physiological flow a layer capable of flow retardation is absent 
[34]. 

 

 

Conclusion  
 
We have shown here for the first time the potential of optical tweezers in vivo. It allowed 
us to mechanically investigate the lumen of capillaries, which was unexpectedly found to 
be entirely viscous, without a ~ micrometer thick viscoelastic covering of the endothelial 
cell layer. Furthermore we were able to bring platelets in close contact to the endothelial 
cell layer, which allows for cell-cell interaction studies. Thus from mechanically probing the 
inside of blood vessels to studying platelet wall interactions, our intravital microscope  
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equipped with optical tweezers and a far-field interferometer is a promising tool for the 
local in vivo non-invasive study of the microcirculation under (patho)-physiological 
settings.  
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