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Abstract. Molecular interactions of optical clearing agents were in-
vestigated using a combination of molecular dynamics �MD� simula-
tions and optical spectroscopy. For a series of sugar alcohols with low
to high optical clearing potential, Raman spectroscopy and integrating
sphere measurements were used to quantitatively characterize tissue
water loss and reduction in light scattering following agent exposures.
The rate of tissue water loss was found to correlate with agent optical
clearing potential, but equivalent tissue optical clearing was measured
in native and fixed tissue in vitro, given long-enough exposure times
to the polyol series. MD simulations showed that the rate of tissue
optical clearing correlated with the preferential formation of hydrogen
bond bridges between agent and collagen. Hydrogen bond bridge
formation disrupts the collagen hydration layer and facilitates replace-
ment by a chemical agent to homogenize tissue refractive index.
However, the reduction in tissue light scattering did not correlate with
the agent index of refraction. Our results suggest that a necessary
property of optical clearing agents is hyperosmolarity to tissue, but
that the most effective agents with the highest rates of optical clearing
are a subset with the highest collagen solubilities. © 2010 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3484748�

Keywords: collagen; hydrogen bond bridge; hyperosmotic agent; molecular dy-
namics simulations; sugar-alcohol; sugar.
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Introduction

iocompatible chemical agents have been shown to induce a
emporary and reversible reduction in tissue light scattering.1,2

ith concentrated sugar alcohols, such as sorbitol, and sug-
rs, such as high fructose corn syrup �HFCS�, light scattering
an be reduced as much as fivefold. These chemical agents
ave been observed to be most effective in vitro when applied
irectly to the mesenchyme �e.g., the dermis of skin, and less
o when applied topically�. The putative mechanism of optical
learing is index matching of tissue light scatterers via optical
mmersion.1 Index matching as a mechanism is intriguing be-
ause, ultimately, a reduction in light scattering must coincide
ith a homogenization of the index of refraction. Yet, as a
hysical parameter, index of refraction of potential optical
learing agents cannot be used to predict “clearing” effective-
ess. Tissue dehydration has also been proposed as a mecha-
ism of optical clearing.3 Water makes up a substantial pro-
ortion of tissue weight and has an index of refraction
ignificantly different from that of insoluble biological con-
tituents. However, chemical agent osmolarity cannot be used
s a predictor of its optical clearing potential. A better under-
tanding of how the index of refraction is homogenized in
ptically cleared tissue could lead to a rational basis for de-

ddress all correspondence to: Alvin T. Yeh, Texas A&M University, Department
f Biomedical Engineering, 337 Zachry Engineering Center, 3120 TAMU, Col-
ege Station, Texas 77843. Tel: 979-845-5468; Fax: 979-845-4450. E-mail:
yeh@tamu.edu
ournal of Biomedical Optics 055002-
signing effective, clinically applicable formulations.4

Previously, it has been shown at microscopic and ultra-
structural length scales that glycerol, a prototypical optical
clearing agent, destabilizes high-order collagen structures and
that this effect coincides with agent-induced tissue
transparency.5–7 It has been suggested that collagen destabili-
zation was due to the chemical agent’s ability to screen non-
covalent, hydrophilic, attractive forces. These same forces
drive collagen fibrillogenesis from solution and have been
characterized in the presence of sugars and sugar alcohols.8

We introduced collagen solubility as a measure of a chemical
agent’s ability to screen noncovalent forces and correlated it
with tissue optical clearing for a series of polyols and
sugars.5,9 These studies suggested that, of the chemical agents
in the series, their optical clearing potential �and collagen
solubility� could be grouped by chain length and locations of
hydroxyl groups within the molecule. More specifically for
sugar alcohols, optical clearing potential for the series could
be grouped by chain length, in increasing order, as two-carbon
backbone �ethylene glycol�, three- to five-carbon backbone
�glycerol to xylitol�, and six-carbon backbone �sorbitol�.
Herein, we examine the interactions between clearing agents
and collagen using a combination of molecular dynamics
�MD� simulations and experiments to elucidate the roles of
collagen solubility, refractive index matching, and dehydra-
tion in skin optical clearing. Our results suggest that the po-
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ition of hydroxyl groups on alcohols impose steric con-
traints for forming surface bridges on the collagen triple
elix; thus, it is an important factor in determining its optical
learing properties. Combined with experimental results, our
imulation provides an atomistic picture for the nonlinear
rend in optical clearing properties of alcohols as their chain
ength increases.

Materials and Methods
.1 Molecular Dynamics Simulations
D simulations were used to enhance our understanding of

hemical agent-collagen interactions and the roles that these
nteractions may have on tissue optical clearing. In MD simu-
ation, a system such as a protein structure is set up and
tomic forces including bonded and nonbonded interactions
re calculated at each integration time step. Integrating the
orresponding Newton’s equation of motion yields the trajec-
ories of atoms in the system.10 MD simulation provides the

olecular basis to understand and interpret experimental re-
ults that are difficult to gain from experiments alone.

For simulation, we used CHARMM version 34 with
aram22 force field.11 The generalized Born with a simple
witching implicit solvent model was used to account for sol-
ation effects.12 The main focus of our simulation was finding
eometric constraints and propensities of various polyols in
orming hydrogen bond bridges on collagen surfaces that are
etermined mainly by the structures of these molecules. Thus,
sing an implicit solvent model rather than a more computa-
ionally demanding explicit water simulation was sufficient
or our purpose.

A native collagen molecule is a 300-nm-long triple helix
omposed of multiple domains. Simulating this long molecule
ould be computationally very demanding. We thus used two

ollagen mimetic peptides that are representative of the col-
agen molecule; 1BKV �Protein Data Bank ID� and a regular
PO peptide, ��GPO�10�3 �G, glycine; P, proline; and O, hy-
roxyproline� for simulations. Peptide GPO is known to form
he most stable triple helical motif of collagen.13,14 On the
ther hand, peptide 1BKV has a middle region devoid of Pro
nd Hyp, which is less stable but functionally important for
ollagen cleavage.15,16 Using simulations of these structurally
nd functionally relevant sequences, it is possible to infer
olyol interactions with native collagen. The backbone struc-
ure of the GPO peptide was built using the THeBuScr col-
agen building script.17 Side chain atoms were added to the
ackbone using the existing amino acid topology files and
ystematically energy minimized as done previously16 to get
he final structure. Polar hydrogens were added to the peptides
sing the HBUILD facility in CHARMM.18 Parameters for
ydroxyproline were added from a previous study.19 The final
tructure of collagen triple helix constructed using this
ethod agreed very well with existing x-ray data.20 Structures

f the sugar alcohols �glycerol, xylitol, and sorbitol� were
uilt from the already existing lipid topology and parameter
les.

Each alcohol was simulated with either 1BKV or the GPO
riple helix, making a total of six separate simulation runs. In
ach simulation, alcohol molecules were placed randomly
round the peptide at a radial distance of 12.0 Å from the
ylindrical axis of the triple helix. Owing to their bigger mo-
ournal of Biomedical Optics 055002-
lecular structures, only 12 molecules of xylitol and sorbitol
were placed around the peptide, while 20 glycerol molecules
were used. The systems were first energy minimized to re-
move close contacts and then heated at the rate of 5 K /ps for
60 ps to 300 K. The systems were then equilibrated for 40 ps
at 300 K. Each production run lasted 600 ps, where the Verlet
integration algorithm was used with a time step of 2.0 fs. As
the system was in a microcanonical ensemble �constant total
energy�, binding of alcohols to collagen resulted in a slight
increase of temperature due to the loss of potential energy.
The maximum variation was seen in the case of sorbitol simu-
lation, where the average temperature was 309�6 K. Note
that this does not affect our results, since we only study the
hydrogen bonding modes of different alcohols, which will not
change appreciably within the range of temperatures.

Coordinates were saved every 1 ps. To prevent the drift of
the peptide outside the simulation boundary, harmonic con-
straints �spring constant=2 kcal / �mol Å2�� were applied on
all peptide atoms to their original positions during heating and
equilibration. During the production run, harmonic constraints
were applied only on backbone amide nitrogen, alpha carbon,
and carboxylic carbon atoms, leaving the rest of the atoms,
including side chains, to freely interact with the alcohol mol-
ecules. To prevent diffusion of alcohol molecules away from
the peptide, a cylindrical boundary 40 Å diam was imposed
around the peptide, which activated a radial harmonic poten-
tial when alcohol molecules moved beyond the boundary,
with a spring constant of 1 kcal / �mol Å2�.

Hydrogen bonds were defined using a distance cutoff of

2.4 Å21 and a hydrogen bond bridge, which we will simply
refer as a bridge, was defined to be formed if an alcohol
molecule was simultaneously hydrogen bonded to two atoms
of the collagen triple helix. We analyzed the propensities of
the hydroxyl groups of alcohols to form bridges with collagen
peptides as follows. Bridges formed by alcohol –OH groups
on adjacent carbon positions were labeled type I; bridges
formed between positions separated by one carbon were la-
beled type II; and so on. Bond multiplicity �n� of each type
was also considered. For example in the three-carbon glycerol
molecule, a type I bridge with collagen can involve hydroxyl
groups in positions �1,2� or �2,3� leading to an n value of 2,
while type II bridge �Fig. 1�a�� involves �1,3� hydroxyl groups
with an n value of 1. We counted the number of alcohol
bridges every 1 ps for the entire simulation �600 ps�, and the
percentage of different types of bridges are shown in Fig. 2.
Because of a higher number of hydrogen bonding groups in
1BKV, there was a slightly higher number of bridges. How-
ever, the preferences for different types of bridges were very
similar between GPO and 1BKV, and only their sum is shown
in Fig. 2 for clarity. Also, to test whether 600 ps provided
sufficient sampling, we compared bridge formation for the
first and last 300 ps, which showed identical trends in the
preference for the bridge types and in differences among vari-
ous polyols.

2.2 Tissue Preparation for Raman Spectroscopy
Ex vivo rodent skin �3–6-wk-old Sprague-Dawley� was cut
into 1.0�1.0 cm2 samples using surgical scissors. Subcuta-
neous fat was removed using a razorblade, and the sample
was stored in 99.9% deuterium oxide for 24 h. Deuterium
September/October 2010 � Vol. 15�5�2
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xide �D2O� quickly replaces water in native rodent skin and
rovides a unique Raman band �2250–2800 cm−1� not found
n native or fixed rodent skin. The unique Raman signature of

2O allows quantitative examination of the dehydration of
ative and fixed rodent skin due to clearing agents. D2O loss
rom clearing agent–induced dehydration resulted in decreas-
ng D2O Raman band areas. Following immersion in D2O,
he excised skin was randomly divided into two groups: na-
ive and fixed. Fixation was carried out in 0.10, 0.25, and
.50% vol/vol glutaraldehyde in D2O for 48 h at pH 7.2,
7 °C. After chemical treatment, excess glutaraldehyde was
insed off using D2O at 27 °C.

.3 Dehydration of Fixed Rodent Skin
aman spectra were collected for native and fixed rodent skin
efore and after immersion in 3.5 M concentrations of the
learing agents ethylene glycol, glycerol, and HFCS.

.4 Kinetics of Dehydration
he kinetics of dehydration were compared between 1,2- and
,3-propanediol �3.5 M�. Native and glutaraldehyde fixed
0.10, 0.25, and 0.50% vol/vol� rodent skin in D2O at pH 7.2,
7 °C was immersed in each clearing agent with D O Raman

ig. 1 Typical hydrogen bond bridges in alcohols. Bridge of −OH
roups between �a� one and three carbon positions �type II� in glyc-
rol, �b� one and three carbon positions �type II� in xylitol, and �c� one
nd five carbon positions �type IV� in sorbitol. Higher bridge types, as
n �c�, span further across the collagen surface and can potentially
isrupt collagen-collagen and collagen-water interactions better than

ower bridge types.
2

ournal of Biomedical Optics 055002-
band measurement at 5 min intervals for a total of 20 min for
native skin and 10 min intervals for a total of 120 min for
fixed skin.

2.5 Raman Spectroscopy
Raman spectra were collected using a LabRam Raman spec-
trometer �Jobin-Yvon-Horriba� comprising an Olympus BX41
confocal microscope �200-�m pinhole�, 50� objective,
633 nm excitation laser, and CCD detector. Samples were
placed on a glass slide, and care was taken to prevent heating
and dehydration of the sample from the laser source or air.
Keeping the laser source exiting the objective at or below
3 mW did not change the Raman spectra and prevented heat-
ing of the sample.22,23 The spectra were recorded using a
300-grooves /mm grating, 5 scans per spectra with an inte-
gration time of 15 s per scan. Ten measurements were taken
from the dermal side per skin sample, and each spectrum
averaged to accommodate the natural heterogeneity of the
dermis. Baselines were adjusted using an eighth-order poly-
nomial fit, and spectra were normalized to phenylalanine aro-
matic peak at 1001 cm−1 to account for changes in tissue
optical properties before determining area of OD Raman band
�2200–2800 cm−1�.

2.6 Bulk Skin Optical Measurements
Ex vivo rodent skin �3–6-wk-old Sprague-Dawley� was cut
into 1.5�1.5 cm2 samples using surgical scissors. Subcuta-
neous fat was removed using a razor blade, and rodent skin
was stored in 1�PBS at 4 °C. Experiments were performed
within 24 h. Volume-matched solutions of each clearing agent
to that of the skin sample were applied to the dermal side. The

Fig. 2 Propensity of hydrogen bond bridge formation. �Inset� Sorbitiol
molecule stick diagram with six −OH groups �one on each carbon
atom�. Gray-scale bonding pattern shown by arrows indicates the
number of different variations or multiplicity �n� of hydrogen bond
bridges for different bridge types. For example, type IV bridge be-
tween −OH groups separated by five carbon atoms can form in two
ways �n=2�. �a� Bar graph of percent bridge formation and percent
averaged by multiplicity for each bridge type between alcohols and
collagen �%/n�. Circle and star indicate hydrogen bond bridges favors
−OH groups in 1,3 over 1,2 positions. �b� Bond multiplicity �n� of
glycerol �G�, xylitol �X�, and sorbitol �S�.
September/October 2010 � Vol. 15�5�3
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hemical agents were applied for a total of 45 min and re-
oved carefully with Kimwipes™ prior to transmittance and

eflectance measurements. Skin thickness ��600 �m� was
easured using a micrometer �Mitutoyo, Aurora, Illinois� af-

er the sample had been placed between two glass slides of
nown thickness. The slides were secured using binder clips
o ensure constant pressure on each skin sample.

An integrating sphere �Labsphere, North Sutton, New
ampshire� was used to determine the transmittance and re-
ectance of 635 nm laser diode light in rodent skin
amples.24,25 The skin/glass combination was placed at the
ntrance and exit ports of the integrating sphere for transmit-
ance and reflectance measurements, respectively. For trans-

ittance measurements, the exit port was covered using a
pectralon-coated port plug �99% reflectance�. Light measure-
ents were conducted using a silicon photodiode �Labsphere�

onnected to an oscilloscope �Tektronix, Beaverton, Oregon�.
ystem calibration was performed using neutral density filters
nd reflectance standards �Labsphere�. The inverse adding-
oubling method23 was used to calculate the reduced scatter-
ng coefficient, �s�, for each skin sample before and after
45 min� clearing-agent application. Reduced scattering ratio
RSR�, defined as the ratio of �s� before and after clearing
gent application, was used to quantify the relation between

s� and chemical agent optical clearing potential �OCP�.
MATLAB software �MathWorks, Natick, Massachusetts�

as used to perform a one-way analysis of covariance
ANCOVA� test on the RSR data of rodent skin to test for
tatistically significant differences in the linear regression for
ach chemical agent. The overall RSR data were found to be
ependent on chemical type �categorical variable� and con-
entration �continuous variable�. The change in RSR for each
learing agent at a given concentration was assumed to be
ormally distributed. Analysis of the chemical agent with the
eed to control for the covariate �concentration� called for the
se of ANCOVA. An F-test suggested that RSR mean values
ere significantly different, and t-tests were performed to

ompare the effects of the individual chemicals. The Scheffes
ultiple-comparison procedure was used to correct for the

rror associated with the large number of comparisons.26

Results
ur previous studies demonstrated that optical clearing poten-

ial and collagen solubility are correlated and, for sugar alco-
ols, depend on chain length in a “quantized” manner. For the
eries of sugar alcohols from ethylene glycol to sorbitol, OCP
id not vary linearly with chain length, but rather exhibited
jumps” in clearing efficacy from ethylene glycol �two car-
on� to glycerol �three carbon� to sorbitol �six carbon�. In
ther words, for the same reduction in tissue scattering, the
oncentration of ethylene glycol was double that of glycerol
nd four times that of sorbitol. From the correlated collagen
olubility and optical clearing data, it was hypothesized that
ffective chemical agents reduced collagen stabilizing hydro-
hilic forces by disrupting the hydration shell, thereby desta-
ilizing higher-order �quaternary� structures of collagen.5,9,27

To understand the hydrogen bonding interactions of alco-
ols on the collagen surface, we performed MD simulations
f collagen peptides 1BKV �containing imino-poor domain�
nd GPO �imino-rich� with glycerol, xylitol, and sorbitol. Hy-
ournal of Biomedical Optics 055002-
droxyl groups of alcohols can form hydrogen bonds with col-
lagen atoms and can displace water molecules in the hydra-
tion shell. It is expected that the disruption of the hydration
shell is greater if the alcohol bridges span more extensively
across the collagen surface �Fig. 1�. Thus, propensity to form
a bridge was hypothesized to be an important factor in optical
clearing.

Bridging propensities of hydroxyl groups in glycerol, xy-
litol and sorbitol are shown in Fig. 2. Bridges were catego-
rized by the positions of the participating hydroxyl groups.
Type I bridges were formed with hydroxyl groups on adjacent
carbon atoms �hydroxyl positions �1,2�, �2,3�, �3,4�, etc.�; type
II bridges were formed with hydroxyl groups separated by
one carbon atom �hydroxyl positions �1,3�, �2,4�, etc.�; type
III bridges were formed with hydroxyl groups separated by
two carbon atoms ��1,4�, �2,5�, etc.�; and so on. Note that
higher bridge type numbers can screen collagen-collagen and
collagen-water interactions more effectively than lower
bridge-type numbers �Fig. 1�.

Figure 2 shows the fraction of different bridge types along
with the normalized values based on the multiplicity �n� of
each bridge type. Depending on the separations of hydroxyl
groups, certain bridge types have higher propensities to form.
For all alcohols in the MD simulation, type II bridges were
more favored than type I bridges �indicated by the star and
circle in Fig. 2�. Xylitol and sorbitol, which have more than
three hydroxyl groups, indicate a preference for type II and
type IV bridges compared to type I or type III bridges. The
difference between xylitol and sorbitol is their preference for
type II and type IV bridges. While xylitol, like glycerol, pre-
fers type II bridges �Figs. 1�a� and 1�b��, sorbitol prefers to
form type IV bridges. Although more tests are necessary to
clarify the above behavior, it provides a plausible explanation
for similar optical clearing properties of xylitol and glycerol.
Type IV bridges of sorbitol, on the other hand, span across the
surface of the collagen triple helix, thereby screening
collagen-water interactions much more effectively than xyli-
tol.

To measure the kinetics of optical clearing and the effect of
fixatives, we carried out a series of experiments quantifying
tissue dehydration and optical properties. In previous studies,
chemical agents exhibited statistically differing clearing effi-
cacies after 1-h exposures in native skin, whereas formalin
and glutaraldehyde fixation was shown to limit clearing.5,7,9

Cross-linking fixatives increase water retention in collagenous
tissues and potentially limit clearing agent infiltration.22,23 We
characterized tissue dehydration by chemical agents as a func-
tion of fixative concentration utilizing the unique Raman band
of D2O.

Deuterium oxide �D2O� is freely interchangeable with wa-
ter in skin and exhibits an OD Raman band from
2200 to 2800 cm−1. Skin fixed in 0.10%, 0.25%, and 0.50%
glutaraldehyde in D2O was immersed in 3.5 M ethylene gly-
col, glycerol, and HFCS for 1 h. The fraction of D2O remain-
ing in fixed skin is shown in Fig. 3. Raman OD band areas are
presented as a percentage of the initial, fully hydrated skin
D2O peak area. �The aromatic phenylalanine Raman band
was used as a reference to account for changes in tissue opti-
cal properties.� OD band area fell in response to dehydration.
Each clearing agent fully removed all measurable D O from
2

September/October 2010 � Vol. 15�5�4
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ative skin after 1 h �data not shown�. The fraction of D2O
etained after 1-h exposure to chemical agents increased with
ncreasing glutaraldehyde concentration fixation. HFCS was
he most effective dehydrating agent followed by glycerol and
thylene glycol. This finding is consistent with previously re-
orted studies that found reduced water exchange in glutaral-
ehyde fixed tissues.22,23

The kinetics of skin dehydration due to clearing agents is
hown in Fig. 4. Clearing agents 1,2- and 1,3-propanediol
ere chosen for testing because of their identical molecular
eight, similar refractive index, and osmolality, but factor of

ig. 3 Percent D2O remaining in fixed skin after immersion for 1 h in
thylene glycol, glycerol, and HFCS. Increases in glutaraldehyde con-
entration lead to greater water retention.

ig. 4 Percent D2O remaining after immersion in 1,2- and 1,3-propane
kin.
ournal of Biomedical Optics 055002-
2 difference in optical clearing potential �1,2- half that of
1,3-propanediol�.5 Native, 0.10%, 0.25%, and 0.50%
glutaraldehyde/D2O fixed rodent skin were dehydrated for
120 min by 1,2- and 1,3-propanediol. After 10 min of immer-
sion in 3.5 M 1,3-propanediol, native rodent skin had a sig-
nificantly reduced D2O concentration compared to that im-
mersed in 1,2-propanediol �Fig. 4�a��. 0.10% glutaraldehyde
fixed skin showed a similar, but delayed trend with 1,3-
propanediol exhibiting greater dehydration effects 20 min af-
ter application �Fig. 4�b��. Rodent skin fixed with higher con-
centrations of glutaraldehyde �0.25 and 0.50%� showed more
D2O retention with little difference between the two pro-
panediols in water-removing capacity �Figs. 4�c� and 4�d��.

Optical clearing ability for a series of sugar alcohols and
propanediols in 4% glutaraldehyde �pH 7.2 in phosphate buff-
ered saline �PBS�� fixed rodent skin was measured after im-
mersion for 24 h. RSR before and after immersion5 was cal-
culated as a function of agent concentration �Fig. 5�.
Immersion in all agents for 24 h was sufficient to induce
clearing in fixed tissue. Beyond 24 h, all agents reduced tis-
sue light scattering nearly equivalently with an optical clear-
ing potential similar to that of the most effective clearing
agents �e.g., sorbitol and fructose� in native skin.5,9

The ability to clear skin using 1,3-propanediol and 1,2-
propanediol was evaluated for 1 and 24 h. RSR as a function
of chemical agent concentration is shown for native rodent
skin in Fig. 6. The slope from linear regression analysis of
RSR data was used to define OCP for each chemical agent.
ANCOVA was used to test the RSR data for statistically sig-

r �a� native, �b� 0.10%, �c� 0.25%, and �d� 0.50% glutaraldehyde fixed
diol fo
September/October 2010 � Vol. 15�5�5
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ificant differences in clearing ability. Consistent with our
revious results,5 a statistical difference in clearing efficacy
as found between the propanediols �p value �0.05�. After
h of clearing, 1,3-propanediol was found to be a more ef-

ective clearing agent than 1,2-propanediol with an OCP value
f 0.406 versus 0.282. However, after 24 h, no differences in
learing were seen between 1,3- and 1,2-propanediol with
CP values of 0.433 and 0.392, respectively.

Discussion
his study builds on previous results that showed skin optical
learing induced by sugars and sugar alcohols correlated with
ollagen solubility.5,9 OCP of these agents was shown to in-
rease with molecular weight with an intriguing dependence
n hydroxyl group position. In particular, 1,3-propanediol was
hown to have twice the OCP of 1,2-propanediol even though
hey had identical molecular weights �76.10 Da�, similar re-
ractive index �1.44 versus 1.43�, and osmolality �8.3 versus
.7 Osm /kg�.5,9 The optical clearing potentials of 1,2- and
,3-propanediol reflected those of analogous sugar alcohols
thylene glycol and glycerol, respectively, and suggested hy-
roxyl group position was an important factor in an agent’s
bility to induce skin clearing. Our simulation results clearly

ig. 5 Reduced scattering ratio as a function of agent concentration in
% glutaraldehyde fixed skin after 24 h.

ig. 6 RSR as a function of agent concentration in native skin after 1
nd 24 h. Slope of linear regression lines indicates OCP.
ournal of Biomedical Optics 055002-
indicate that the position of hydroxyl groups in alcohols af-
fects their bridging ability. �Note that 1,2-propanediol and eth-
ylene glycol can only form type I bridges, while 1,3-
propanediol only forms type II bridges.� This suggestion was
further supported by the result that xylitol �five carbon sugar
alcohol� and glycerol �three carbon sugar alcohol� exhibited
half the OCP of sorbitol �six carbons sugar alcohol�, demon-
strating that optical clearing was not solely dependent on mo-
lecular weight or the number of hydroxyl groups �as con-
cluded in Ref. 28�. Xylitol, like glycerol, preferentially forms
type II rather than type IV bridges. This result provides a
possible molecular basis for understanding similar OCP of
xylitol and glycerol even though their molecular sizes are dif-
ferent. On the other hand, sorbitol preferred to form type IV
bridges that span across the collagen surface and likely dis-
rupt hydration layers more effectively. It should be noted that
our previous experimental results reflected quasi-steady state
conditions following 45 min of chemical agent exposures.5,9

The present results suggest that the rate-limiting step in tissue
optical clearing is the disruption of collagen hydration shell
and that all the previously tested agents of the sugar and sugar
alcohol series will eventually “clear” equally well given
enough exposure time.

OCP of the sugar alcohols correlated with the preferred
bridge type identified by our MD simulations, which is also
consistent with what has been observed with nonlinear optical
microscopy using second harmonic generation in collagenous
tissues during tissue optical clearing.7 Interactions that orga-
nize and assemble collagen molecules are mediated by hydra-
tion forces involving water bridges.8 Earlier studies suggest
that water bridges stabilize collagen tertiary structures and
that hydration shell organizes triple helices for higher order
assembly.8,16,20 Characteristic of chemical agents with signifi-
cant OCP is the ability to form hydrogen bond bridges, which
would disrupt hydration layers and affect hydration forces
mediating collagen self-assembly.

This molecular viewpoint of chemical agent-collagen inter-
action suggests that hindering the exchange of chemical agent
with bound water would preserve the hydration layer, stabilize
high-order collagen structures, and hinder tissue optical clear-
ing. This can be accomplished by glutaraldehyde fixation,
which has been corroborated by Raman spectroscopy studies
using normal and deuterated water.22 Glutaraldehyde fixation
may reduce collagen conformational motion that slows water
diffusion in and out of the collagen structure.29 A similar ex-
periment had been performed previously in which glycerol
was observed to have a limited ability to induce transparency
in formalin-fixed rodent skin and collagen gel.7 In this study,
Raman spectroscopy was used to assess the degree of water
loss due to clearing agent exposure in native and fixed rodent
skin tissue.

Consistent with previous works, Raman spectroscopy uti-
lizing unique bands of deuterated water showed that glutaral-
dehyde fixation hindered water loss from exposure to a series
of clearing agents �see Figs. 3 and 4�. In particular, 1-h clear-
ing agent exposures of rodent skin fixed in 0.1, 0.25, and
0.5% glutaraldehyde solutions showed increasing retention of
water, and differences in water loss among exposures to eth-
ylene glycol, glycerol and HFCS correlated with their OCP
�Fig. 3�.
September/October 2010 � Vol. 15�5�6
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The kinetics of dehydration were characterized using 1,2-
nd 1,3-propanediol. These agents were used because their
imilarity controlled for variables such as molecular weight,
ndex of refraction, and osmolality. In native rodent skin, wa-
er loss with exposure to 1,3-propanediol was faster than
hen exposed to 1,2-propanediol, consistent with their re-

pective OCPs �Fig. 4�a��. This trend continued in fixed skin,
ut was less pronounced with higher glutaraldehyde concen-
ration �Fig. 4�. It should be noted that Raman signal was
imited to the sample surface �which was measured from the
ermal side�, and therefore, data reflected water loss dynamics
rom the most superficial layers. However, we observed com-
arable water loss following long exposure times with both
,2- and 1,3-propanediol in native and fixed skin. If this trend
as consistent through the full thickness of tissue, then the

nduced transparency by clearing agents after long exposures
hould also be comparable, regardless of their respective OCP
easured after 1-h exposures. This was indeed observed for a

eries of polyols applied for 24 h to glutaraldehyde-fixed ro-
ent skin �Fig. 5�. RSR was measured as a function of agent
oncentration and showed that after long exposure �24 h�, all
gents exhibited high OCP, equivalent to that of sorbitol in
ative skin.

Other classes of chemical agents such as dimethyl sulfox-
de �DMSO�30,31 have been shown to effectively clear tissue
with topical application� and exhibit collagen destabilization
nd solubilization. These observations are consistent with tis-
ue optical clearing by disruption of collagen hydration shell,
ut achieved without hydrogen bond bridge formation. Simi-
ar to polyols, DMSO is amphiphilic with hydrophilic –SvO
nd hydrophobic methyl groups. Parametrized MD force field
artial charge of the oxygen atom in DMSO �−0.556�32 is
eaker than that of oxygen atom in glycerol �−0.660�, sug-
esting weaker association with collagen. However, instead of
orming a hydrogen bond using the –SvO group, DMSO
ay also use the strongly hydrophobic methyl groups to bind

o collagen and disrupt the hydration shell in a manner analo-
ous to surfactants. Regardless of the details of molecular
nteractions, from what has been observed with DMSO,30,31 it
s likely that disruption of the hydration layer ultimately de-
ermines the efficacy of DMSO tissue optical clearing.

In summary, we submit that the optical clearing of collag-
nous tissue, by the homogenization of the refractive index, is
ependent on the disruption of collagen hydration shell by
hemical agent, which correlates with the agent’s collagen
olubility. As a consequence, collagen structure will be dis-
upted. Since fixed tissues could also be cleared, destabiliza-
ion of collagen structure would be at the molecular level
nstead of affecting the meso-scale morphology of the col-
agen fiber network. As shown by previous studies, optical
learing does not show a dependence on agent refractive in-
ex, albeit over a limited range from 1.43 to 1.48, or osmo-
ality, though presumably the agent should be hyperosmotic to
acilitate bound water replacement.

The present results suggest that hyperosmotic agents will
nduce tissue optical clearing of equivalent magnitude �as

easured by reduction in light scattering� given long-enough
xposure times, at least in the in vitro setting. However, for
otential biomedical applications, collagen solubility is an ef-
ective property with which to screen for chemical agents that
ournal of Biomedical Optics 055002-
induce the greatest reduction in tissue light scattering in the
shortest amount of exposure time. It may come to pass that
the index of refraction of effective clearing agents must fall
within some range comparable to values reported for collagen
�1.45–1.55�. Further studies are needed to determine these
limits.

5 Conclusions
MD simulations and optical spectroscopy were used to eluci-
date chemical agent interactions that drive �collagenous� tis-
sue optical clearing. Tissue optical clearing is driven by the
disruption and replacement of collagen hydration layer with a
chemical agent. Hyperosmotic sugar and sugar alcohol solu-
tions will induce equivalent temporary reduction in light scat-
tering of native and fixed rodent skin, given a long-enough
exposure time. However, the rate at which agent-induced op-
tical clearing will occur depends on surface hydrogen bond
bridge formation. This rate is correlated with occupation of
collagen hydrogen bonding sites, with higher optical clearing
rates for agents with preference for hydrogen bond bridge
formation with hydroxyl groups at specific positional separa-
tion.

Ultimately, optical clearing must coincide with homogeni-
zation of tissue refractive index. The present results suggest
that this homogenization is rate limited by disruption of the
collagen hydration shell by chemical agent. Optical clearing
results from long exposure time of native and fixed skin to
polyols exhibited no dependence on agent index of refraction,
albeit over a limited range �1.43–1.48�. A necessary property
is that the chemical agent be hyperosmotic to tissue, where
the most effective ones will be a subset that exhibit high rates
of collagen hydration layer disruption and replacement. These
agents may be screened by their collagen solubilities.
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