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Hydrogels have shown promise for a number of tissue engineering applications. However, their high water
content results in little or no image contrast when using conventional X-ray imaging techniques. X-ray imaging
techniques based on phase-contrast have shown promise for biomedical application due to their ability to
provide information about the X-ray refraction properties of samples. Nonporous and porous poly(ethylene
glycol) hydrogels were synthesized and imaged using a synchrotron light source employing a silicon analyzer
crystal and an X-ray energy of 40-keV. Data were acquired at 21 angular analyzer positions spanning the range
of �5 to 5mrad. Images that depict the projected X-ray absorption, refraction, and ultra-small-angle scatter
(USAXS) properties of the hydrogels were reconstructed from the measurement data. The poly(ethylene glycol)
hydrogels could be discerned from surrounding water and soft tissue in the refraction image but not the
absorption or USAXS images. In addition, the refraction images of the porous hydrogels have a speckle pattern
resulting in increased image texture in comparison to nonporous hydrogels. To our knowledge, this is the first
study to show that X-ray phase-contrast imaging techniques can identify and provide detail on hydrogel
structure without the addition of contrast agents.

Brief Correspondence

Polymer hydrogels have received significant attention
for applications in tissue engineering.1–3 While these

materials are being investigated in clinical and preclinical
studies, it remains difficult to monitor their performance
in vivo. An imaging technique that could identify hydrogels
and provide structural information about the materials
would be a significant advance in tissue engineering.

Hydrogels produce little or no image contrast when using
conventional X-ray imaging techniques. Attempts to image
hydrogels often rely on the introduction of contrast agents
into the material.4 These agents can influence cell behavior
and material properties. The ideal system would allow ma-
terial imaging without the addition of exogenous contrast
agents. X-ray imaging techniques based on phase contrast5

have shown promise for biomedical application due to their
ability to provide information about soft tissue structure. In
this communication, we examine an analyzer-based X-ray
phase-contrast imaging method6–8 for identifying hydrogels
without the use of contrast agents.

Nonporous and porous (mean pore size¼ 50� 1 and
74� 3 mm) 25% (w/v) poly(ethylene glycol) (PEG) hydro-
gels were synthesized.9 The samples were imaged without
exogenous contrast agents at the X-15A beamline at the
National Synchrotron Light Source at Brookhaven National
Laboratories.10 Hydrogels were imaged before implanta-
tion and after 1 week of subcutaneous implantation in a
rat.11 A silicon analyzer crystal employing a (3,3,3) reflec-
tion and an X-ray energy of 40 keV was employed. Data
were acquired at 21 angular analyzer positions from �5 to
5 mrad. Images that depict the projected X-ray absorption,
refraction, and ultra-small-angle scatter (USAXS) properties
of the hydrogels were reconstructed from the measurement
data.7

The hydrogels can be discerned from the surrounding
water in the X-ray refraction images but not the absorption
(Fig. 1) or USAXS (not shown) images. The refraction images
of the porous hydrogels have a speckle pattern possibly re-
sulting from multiple refractions of the beam as it passes
through the pores. Measures of image texture12 indicate that
there is increased texture in the porous gels in comparison to
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FIG. 1. X-ray refraction but not absorption allows identifi-
cation of PEG hydrogels in water. (A), (C), and (E) are the
absorption images of nonporous, porous (50mm), and porous
(74 mm) hydrogels, respectively. (B), (D), and (F) are the
corresponding refraction images at the same location. PEG,
poly(ethylene glycol).
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nonporous (Table 1). Interestingly, the texture measures in-
crease with thickness of the porous hydrogels (Fig. 2) possibly
due to increased extent of refractions as an increasing number
of pores are encountered.

X-ray refraction images also allowed identification of the
interface between hydrogels and fibrovascular tissue in ex-
planted samples (Fig. 3). PEG and surrounding tissue are not
visible in absorption nor USAXS images. Texture measure-
ments were constant for all implanted hydrogels (Table 2).
This may be due to soft tissue within the pores or imaging
thinner (*1 mm) hydrogels resulting in an insufficient
number of pores to generate the speckle pattern.

Conclusions

These results establish that X-ray phase-contrast imaging
techniques can reveal features of PEG hydrogels. To our
knowledge, this is the first study to show that synthetic
hydrogels can be imaged using an X-ray-based technique. X-
ray imaging techniques have enjoyed significant interest in
tissue engineering due to the high absorption contrast of
hard tissues and injected agents.13 These results suggests that
X-ray phase contrast could further benefit tissue engineering
by allowing imaging of hydrogels in engineered tissues.
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FIG. 2. Image texture (relative smoothness) increases with
sample thickness for porous gels. Plot of relative smoothness
versus distance from the top of the gel. The diameter of the
gels increases as you move from the top to the bottom of the
gel. The texture of the nonporous gel remains constant,
whereas the texture of porous gels increases.

FIG. 3. X-ray refraction but not absorption allows identification of the interface between PEG hydrogels and surrounding
fibrovascular tissue. (A) Absorption and (B) refraction images of porous (74 mm) PEG hydrogels after 1 week of implantation.
The images are from the same tissue location.

Table 2. Measures of Texture in X-Ray Refraction Images of Hydrogels

After 1 Week of Implantation

Mean intensity,

l¼
XL� 1

i¼ 0

zip(zi)

Standard deviation,

r¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XL� 1

i¼ 0

(zi� l)2p(zi)

vuut
Relative smoothness,

R¼ 1� 1

1þ r2

Uniformity,

U¼
XL� 1

i¼ 0

p2(zi)

Entropy,

E¼ �
XL� 1

i¼ 0

p(zi) log2 p(zi)

Nonporous 0.597 0.0370 0.0014 0.0302 5.28
Porous (50 mm) 0.457 0.0391 0.0015 0.0285 5.36
Porous (74 mm) 0.459 0.0344 0.0012 0.0327 5.17

z denotes intensity level, p(z) denotes probability of intensity level, and L denotes number of intensity levels.
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