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The instilled fluid dynamics and
surface chemistry of polymers
in the preocular tear film

D. A. Benedetto, D. O. Shah,* and H. E. Kaufman

Using slit lamp fluorophotometry it was demonstrated that the rate of drainage of a cehicle
placed in the eye increased with increasing volume and that polymer solutions increased the
thickness of the precorneal tear film (PTF). By increasing the ciscosity of the delivery vehicle,
(e.g., a hydroxypropylmethylcellulose polymer solution), the PTF retention of fluorescein could
be increased. The increased retention was shown to be due to an increase in the tear resercoir
volume provided by the more viscous solutions. The PTF retention of fluorescein in a poly-
vinyl alcohol (PVA) cehicle was not as viscosity dependent, although PVA did seem to produce
greater initial PTF fluorescence. This suggested that PVA initially produced a thicker PTF.
The PTF retention of fluorescein by fice commercial solutions did not have any relation to
their wetting properties. The only good correlation with fluorescein retention in the PTF
measured, seemed to be the ability of different polymer solutions to stabilize a thick layer of
water as measured by the spontaneous spreading of polymer molecules at the air/liquid inter-
face on wet glass surfaces. This model was designed to simulate tear film spreading in civo.
The results suggest that different polymer solutions may produce thicker PTF’s than normal by
virtue of their ability to drag water with them as they spread over the ocular surface with

each blink. Mechanisms by which polymer solutions may increase the thickness of the PTF

are discussed.
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Er the past 20 to 30 years, synthetic
polymers in aqueous solutions have had a
wide use in ophthalmology: for prolonging
the precorneal tear film (PTF) retention
of drugs instilled in liquid ophthalmic
vehicles, as tear substitutes for dry eye
syndromes, and for the wetting and
“cushioning” of contact lenses. At present
there is little understanding of the impor-
tance of the various physicochemical prop-
erties of polymer solutions which enable
these solutions to achieve the “optimum®
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result in each of the uses cited. It is prob-
able that in each case different properties
assume major importance. This communi-
cation is concerned primarily with the
retention of fluorescein in the PTF when
administered in polymer vehicles and the
characteristics of polymers which enable
them to influence the thickness of the PTF.

There are a number of studies which
demonstrate prolonged retention of vari-
ious markers in the PTF'* and increased
intraocular concentration of drugs' * ™"
when delivered in viscous polymer solu-
tions. It has been shown in rabbits* * !
that the greater the viscosity of the vehicle,
the greater is the preocular retention and
intraocular penetration of drugs. The only
similar study in humans* showed little if
any effect of increasing viscosity on the
PTF retention and intraocular penetration
of fluorescein.

In some of the studies mentioned above,™
%8 different polymers at the same con-
centration were compared for their ability
to increase preocular retention and intra-
ocular penetration of markers. However,
the viscosity of the vehicles was never
measured. As a result, it was implied that
cellulose polymers were more efficacious
than polyvinyl alcohol. However, we be-
lieve that this conclusion is misleading since
at the same concentration, cellulose poly-
mers produce a considerably -higher
viscosity (20- to 30-fold) than that of
polyvinyl alcohol. For a proper comparison
between various polymers, we believe their
viscosity should be kept the same. In this
study, using slit lamp fluorophotometry and
human volunteer subjects, we examined
the effect of varying the viscosity of two
widely used polymers, hydroxypropyl-
methylcellulose (HMPC) and polyvinyl
alcohol (PVA) on their ability to retain
fluorescein in the PTF. In addition, five
commercial ophthalmic solutions were
similarly evaluated.

Whether or not polymer solutions in-
crease the thickness of the PTF is subject
to question.* The present study was de-
signed to re-examine the thickness of the
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PTF in the presence of polymers in an at-
tempt to elucidate the properties of poly-
mer solutions which might influence tear
film thickness.

Materials and methods

Polymer seolutions. H)dmx}'prop_\'lmeth_\'lcellu-
lose (Methocel 65 HG, 4,000 cp.) was obtained
from Barnes-Hind Pharmaceuticals, Inc., and poly-
vinyl alcohol (acetate content 12 per cent, 4 per
cent solution—23 cp.) (Cat. No. 3396) was ob-
tained from Polysciences, Inc. All commercial so-
lutions were obtained from their respective manu-
facturers: Barnes and Hind wetting solution
(Barnes-Hind Pharmaceuticals, Inc.), Adapt (Bur-
ton-Parson and Co., Inc.), Lacril and Presert (Al
lergan Pharmaceuticals), Visculose ( Professional
Pharmacal Co.).

All dry polymers were dissolved in a 0.9 per
cent NaCl solution made with double-distilled
water from an all glass still. Fluorescein was
added to the polymer solutions to a final concen-
tration of 5 x 10~ Gm. per milliliter. The vis-
cosity of all solutions was measured with a Brook-
field Synchrolectric viscometer. A Rame-Hart con-
tact angle goniometer was used to measure the
advancing contact angle of solutions at equilib-
rium (approximately three to five minutes after
drop deposition) and a Honeywell pressure trans-
ducer was used to measure surface tension by the
Wilhelmy plate method. By using a pressure trans-
ducer to measure surface tenmsion, instead of a
torsion balunce, errors due to the viscosity of the
solution were avoided.

Application of the solutions. In order to avoid
the differential effect that dilution by the normal
tear volume might have on the viscosity of dif-
ferent polymer solutions, solutions were placed in
the eyes of volunteer subjects by the following
method. Twenty-five microliters of polymer solu-
tion was placed in the eve every three minutes
for three applications (75 4l total). (Twenty-five
microliters in our experience was the maximum
volume which could be applied to the PTF with-
out overflow and at three minutes after instillation
the marginal strip visually assumed its normal di-
mensions such that an added 25 ul would not
cause volume build-up and hence overflow.)
Utilizing this method of instillation, we were as-
sured that we were measuring the effect of the
same solution taken from the vial without having
significant alteration in its viscosity due to dilu-
tion by the existing tear volume (8 4l). Following
the last instillation, subjects were asked to blink
on cue every five seconds. This reduced large
variations in the PTF fluorescence from one blink
interval to another. Fluorescence from the center
of the cornea was continuously recorded with a
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Fig. 1. The slit lamp fluorophotometric apparatus.

slit lamp fluorophotometer using a circle of illumi-
nation 2 mm. in diameter. If a subject sneezed,
coughed, or felt ocular irritation during a trial,
the trial was discarded and repeated on another
day since fluorescence dropped precipitously fol-
lowing such an event. In each result reported for
experimental subjects, eight determinations were
made, two in each of four individuals. The mean
values are reported.

Slit lamp Auorophotometer (SLFP). The SLFP
used in these experiments was a modified version
of the instrument described by Maurice.14 It con-
sisted of a light source provided by a Haag-Streit
slit lamp, an interference filter placed in front of
the light source emitting only the excitation wave-
length of fluorescein (490 mu), and another filter
allowing only the emission wavelength of fluores-
cein (520 mu) to pass. This light was then trans-
mitted by a fiberoptics bundle to a photomultiplier
which amplified the signal. The signal was then
passed to a photometer and printed out on a chart
recorder (Fig. 1). The more detailed specifica-
tions of this instrument may be found in an article
by Waltman and Kaufman.!s With the concen-
tration of fluorescein used throughout this study,
5 x 10~ Gm. per milliliter, and utilizing a 0.5 log
neutral density filter in the photomultiplier hous-
ing, low sensitivity settings could be utilized on
the photometer to minimize background noise. By
comparing the fluorescence of the PTF after the
application of a fluorescent solution with the
fluorescence produced by known thicknesses of
the same solution, estimates of the PTF thickness
could be made. However, thicknesses of the PTF
can only be accurately determined initially, since
fluorescein is diluted by the basal tear flow with
time. Basal tear flow has been calculated to be on
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Fig. 2. Calibration of fluorescence versus thickness
of the solution measured (0.9 per cent saline 5 x
10-* Gm. per milliliter and 1 x 10-* Gm. per milli-
liter of fluorescein).

the average 12 ul per minute and upon instilla-
tion of a vehicle can increase as much as 80 per
cent.1¢

In order to equate Auorescence and thickness,
a fluorescein solution of the same concentration as
that used in the experiments described below (5
x 10~¢ Gm. per milliliter) was placed between
two glass slides separated at one end by a cover
slip 130 um thick such that a wedge of solution
was formed. Measurements of fluorescence were
then made at varying distances (varying thick-
nesses) from the cover slip.

In order to rule out the possibility of fluores-
cence quenching by polymers, the fluorescence of
all solutions was measured at the same thickness
(150 um) and compared to the same concentra-
tion of fluorescein in saline. All solutions gave the
same fluorescence * 5 per cent as that of saline.
For further information on fluorescence assay, see

Udenfriend.1?

Results
Calibration of fluorescence intensity and

film thickness. Fig. 2 relates fluorescence

and thickness as obtained from the fluo-
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Fig. 3. The effect of varying the volume of the
vehicle on the retention of fluorescein in the PTF
and the prolonged retention of fluorescein by a
PVA (75 cp.) solution.

rescence of varying thicknesses of the same
solution of fluorescein (5 x 10-* Gm. per
milliliter and 1 x 10-* Gm. per milliliter).
From this result it can be seen that the
relationship between intensity of fluo-
rescence and solution thickness is linear
up to approximately 80 pm thickness for
the solution of 5 x 10-* Gm. per milliliter
used throughout these experiments. The
assumption that fluorescence is linear at
thicknesses below 20 ym might be ques-
tioned because of the possible adsorption
of fluorescein molecules at interfaces. How-
ever, based on a simple calculation of the
contribution to fluorescence of the number
of molecules in a tightly packed fluorescein
monolayer adsorbed at an interface and
the contribution to fluorescence of the
number of molecules in a 10 p thick layer
of fluorescein solution (5 x 10-* Gm. per
milliliter), the error would be 10 per cent.
Also, since the surface tension of water is
not changed by this concentration of fluo-
rescein, we would not expect a signiﬁcant
contribution by adsorbed fluorescein mole-
cules. Although we admit that this does
not completely rule out fluorescein trapping
at interfaces by adsorbed polymer net-
works.

Instilled fluid dynamics. When a drop
of solution is applied to the eye, two pro-
cesses occur simultaneously: the added vol-
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ume in excess of the normal tear volume
drains from the eye, and the solution is
diluted by basal tearing and whatever
reflex tearing elicited by the instillation of
the drop. In Fig. 3, the decline in fluo-
rescence produced by 1 ul of a 1.25 per
cent fluorescein solution, 25 ul of saline,
and 25 ul of PVA (73 cps.) (both contain-
ing the same amount of fluorescein as the
1 ul of 1.25 per cent fluorescein solution)
are compared. Since 1 gl the smallest vol-
ume we could accurately instill in the eye,
means only a 13 per cent increase in the
total tear volume, this small amount of
solution probably did not induce sig-
nificant additional drainage due to in-
creased tear volume. So we interpreted
the decline in fluorescence in this case to
represent only the diluting effect of the
basal tear flow. By the addition of 25 ul
of saline, the PTF appears to be initially
increased in thickness since the fluorescence
intensity (I) produced by this concentra-
tion of fluorescein corresponds to a thick-
ness of 16 um from the calibration graph.
The rapid initial decline in Ir, we believe,
is due to a rapid decrease in PTF thickness
as a result of a decreasing marginal tear
strip volume due to drainage through the
lacrimal apparatus. (The marginal tear
strip volume was visibly enlarged upon
instillation of 23 ul of saline and decreased
to its normal dimensions at about 100
seconds by visual inspection.) The re-
mainder of the Ip curve should represent
dilution of the remaining fluorescein mole-
cules in a tear flm of normal dimensions
(volume). If the remaining points of this
curve are extrapolated to the ordinate, the
fluorescence value obtained should be an
approximation of the normal PTF thick-
ness without added volume. This Ir cor-
responds to 4 um which is less than the
PTF thickness reported by Ehlers' of 45
to 8.5 um using small paper sponges to
soak up the PTF, and the value of 6 um
reported by Maurice, Mishima, and
Wrighti* ** using a SLFP to measure PTF
fluorescence in rabbit eyes.

The fact that 25 ul of PVA solution (25

IV LA



Volume 14
Number 12

times more dilute than 1 .l of saline con-
taining 1.25 per cent fluorescein) and 1 o
of saline containing 1.25 per cent fluo-
rescein give approximately the same If
indicates that PV'A increases the thickness
of the PTF since fluorescence intensity ap-
proximates thickness X concentration. Also,
the increased thickness of the PTF pro-
duced by PVA seems to be ‘maintained
throughout the measurement period (500
seconds). If the Iy of the 1 .l solution of
fluorescein in saline and the Iy of 25 xl of
a polymer solution 25 times more dilute
produce approximately the same initial
fluorescence, then on the basis of a rough
estimate of a normal tear volume of 7.7 ul
(7 @l in marginal tear strips plus the vol-
ume under the palpebral conjunctiva and
fornices,'* 0.7 ul in the PTF if the film is
4 pm thick and 172 mm.? in surface area'®),
the polymer solution increased the thick-
ness of the PTF by a factor of 4 (assuming
I = thickness x concentration, and com-
plete mixing). Support for the above cal-
culation comes from the experimental ob-
servation that the Iy produced by PVA
corresponds to a thickness of ~ 13 to 14
pm, which is 3.5 times the normal PTF
thickness estimated to be 4 pm from our
studies.

Effect of viscosity on fluorescein reten-
tion. In order to study the effect of vis-
cosity on fluorescein retention, HPMC was
prepared at viscosities of 20, 40, 80, and
120 cp. by varying polymer concentration.
Fig. 4 compares the fluorescein retention in
the PTF produced by each solution. It is
evident that at 500 seconds the more
viscous solutions give a higher Iy. (HMPC
120 cp. Ir = 4 x 10° S.D. + 037 x 103,
HMPC 75 cp. Ir = 24 x 10° S.D. £+ 14 x
105, HMPC 40 cp. Iy = 14 x 10° S.D. ¢
0.5 x 10>, HMPC 20 cp. Ir = 11 x 10°
S.D. + 0.8 x 10%). However, at 100 seconds
all solutions have more nearly the same If.
It was also noted at 100 seconds after instil-
lation that the marginal tear strip in an eye
which had received HPMC 120 cp. vis-
cosity was visually larger than an eyve
which had received HPMC 20 cp. In order
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Fig. 4. The effect of varying viscosity of HPMC
or PVA on fluorescein retention in the PTF.

Table I. The relative total PTF volume
produced by polymer solutions using
dilution technique (S.D.—standard
deviation)

Polymer Viscosity Fluorescence of PTF
solutions | (centipoise) sample after dilution
HPMC 120 82 S.D. 3.6
HPMC 20 45 SD. 19.0
PVA 120 6 S.D. 5.1
PVA 20 4 SD 120

to demonstrate this enlarged volume, in a
separate experiment, at 100 seconds after
instillation of the vehicle, 10 ul of saline
was added to an eye that had received a
120 cp. solution and one that received a
20 cp. solution. The resulting contents
were allowed to mix for 5 blinks and by
rotating the eye with the lids closed. A 5
Al aliquot was then removed from each
eye with a micropipette, diluted in 2 ml. of
saline, and the Ip measured in a spectro-
fluorophotometer. Table I contains the fluo-
rescent values for the resulting samples.
Larger values indicate a larger total mar-
ginal tear strip and conjunctival sac tear
volume. The Iy for the sample taken from
the eye receiving a 120 cp. solution was 82
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Fig. 5. The retention of fluorescein in the PTF produced by various commercial solutions.

(S.D. + 3.), approximately twice that of
the eye receiving the 20 cp. solution which
was 45 (S.D. + 19). Since there was a 15
per cent difference in the I, (i.e., PTF
thickness) of the same solutions over the
corneal surface at 100 seconds (Fig. 4),
but-the volume greatly different as shown
by the above-mentioned dilution technique,
this seemed to indicate that although two
solutions of different viscosities may
produce approximately the same Ir and
hence about the same PTF thickness over
the cornea, the concomitant volume in the
marginal reservoir may be quite different.

When comparing the effect of PVA and
HPMC on the PTF thickness or Ir (Fig.
4), it can be seen that initially and for the
first. 200 seconds PVA, regardless of its vis-
cosity, produces a greater PTF fluorescence
than HPMC of any viscosity. Also, for PVA,
there is not as significant an effect of viscos-
ity on Ir at 500 seconds as in the case of
HPMC when comparing the same vis-

cosities. (PVA 120 cp. Ir = 27x10°S.D. ¢
1.8 x 105, PVA 20 cp. Iy = 1.8 x10°S.D. ¢
1.2 x 10%). Furthermore, visually there was
litle difference in the marginal strip vol-
ume at 100 seconds. When samples from
the marginal strip were taken at 100
seconds, as in the case of HPMC, the units
of fluorescence of PVA 120 cp. and 20 cp.
viscosity were, respectively, 56 (S.D. * 5.1)
and 45 (S.D. £ 12) (see Table I), which
are not as significantly different as in the
case of HPMC comparing the same vis-
cosities. When compared to the fluorescence
value of HPMC (20 cp.) of 45 (S.D. £ 19),
there is not much difference between PVA
(120 cp. or 20 cp. viscosity) and HPMC
(20 cp. viscosity) in terms of PTF volume.
These observations suggest that the higher
Ir of HPMC of 120 cp. viscosity at 500
seconds than that of PVA of 120 cp. or 20
cp. viscosity is presumably due to a greater
total marginal reservoir volume of HPMC
after 500 seconds. A greater reservoir vol-
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Table II. The wetting properties of polymer solutions

Surface tension Viscasity Contact angle (degrees)
Polymer solutions (dynesicm.) {centipoise) Glass [ Plexiglass
HPMC 46 120 17 53
HPMC 46 75 16 56
HPMC 46 40 13 ss
HPMC 46 -2 18 54
PVA 4 120 18 s2 -
PVA 46 20 19 52
Barnes and Hind 33 bt 58 15 45
Adapt . 50 70 11 56
Lacril 44 23 10 52
Visculose 23 130 20 L] )
Presert 4 18 16 48
H,0 74 | 0 —_—

ume might be expected to produce greater
PTF fluorescence for a longer period of
time since dilution of this larger volume of
fluorescent solution by basal secretion per
unit time would be less than in the case of
a smaller reservoir volume. PVA in contrast
to HPMC does not seem to produce as sig-
nificant an increase in the total reservoir
tear volume with increasing viscosity and
therefore not as high an Iy at 500 seconds
after instillation as HPMC of 120 cp. vis-
cosity.

Commercial polymer solutions. If one
now compares the Iy produced by five
commercial solutions (Fig. 5), the more
viscous solutions generally give a higher I
with the exception of Visculose of either
130 cp. or 60 cp. viscosity. In addition, it
was observed that Visculose did not form a
homogeneous film over the corneal surface.
The solution appeared as if it had been
smeared in lumps over the ocular surface
and contained islands of fluorescence. How-
ever, when Visculose was diluted with 0.9
per cent saline to 60 cp. its film-forming
properties improved. Similar poor film-
forming properties were also observed with
HPMC at a high viscosity (120 cp.), but
not at viscosities of 75 cp. and below. How-
ever, in contrast, PVA at any viscosity as
well as the other commercial solutions did
not produce such non-homogenous films
in the eye. :

Surface chemical properties of oph-
thalmic polymer solutions. Table II con-

tains the viscosity, surface tension, and
advancing contact angles on glass, a com-
pletely hydrophilic surface, and plexiglass
(polvmethylmethacrylate), a hydrophobic
surface (more analogous to corneal epithe-
lium), for the solutions evaluated above.
There is little difference in the surface
chemical properties of these solutions and
we do not feel that these properties of
polymer solutions can sufficiently explain
the differences in fluorescein retention
produced by these solutions in vivo. The
polymer solutions tested would not be ex-
pected to completely wet (i.e., contact
angle of 0°) the glass used in these experi-
ments since it was not pure silica glass.
Based on its surface tension (23 dymes
per centimeter), one might expect Visculose
to have the best wetting properties. How-
ever, Visculose demonstrates little fluo-
rescein retaining ability when compared to
the other solutions in the eye and'also
forms a non-ho nous film over the
ocular surface. We admit that the surface
tension of Visculose seems unusually low.
However, we have taken every precaution
to eliminate the possible sources of error
in the measurement of the surface tension
of highly viscous solutions (e.g; utilization
of a pressure transducer with very little
displacement of the Wilhelmy blade; use
of pre-wetted platinum blade etc.). Its poor
film-forming properties may be. due to a
high surface viscosity or bulk viscosity.
Tear film thickness between blinks. \When
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Fig. 6. The tear film stability between blinks.
A, normal PTF. B, PTF in the presence of PVA

solution (75 cp.). (The vertical lines represent
blinks.)

continuous reoordings of I were made
after instillation of 1 ul of 1.25 per cent
fluorescein, in some individuals, the PTF
consistently decreased in fluorescence
(thickness) between blinks (Fig. 6, A).
However, under the same conditions, the
PTF in other individuals either maintained
its thickness or decreased in thickness de-
pending upon the day of observation. How-
ever, with the exception of Visculose 130
cp. and HPMC 120 cp. viscosity, all of
the polymer solutions tested as well as
all of the commercial solutions allowed
the PTF to increase in thickness between
blinks (Fig. 6, B). After a complete blink,
as the upper lid was raised, a film was
seen to move vertically over an already
fuorescent tear film. The duration of this
phenomenon after instillation has not been
studied extensively. However, when spe-
cifically looked for, it has been observed
for as long as 20 minutes after instillation
of polymer. The magnitude of the change
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Fig. 6, B. For legend, see Fig. 6, A.

in thickness is difficult to measure since
it begins instantaneously after a blink.
Since the PTF is already fluorescent at
time zero, it is conceivable that the in-
crease in fluorescence we are observing
is the continuation of spreading of a super-
ficial polymer layer at the air/tear inter-
face.

The water dragging capacity of mocing
polymer films. Since all polymers used in
our studies exhibited surface activity (Table
II), it is expected that they will adsorb
at the air/tear interface in the same man-
ner as does meibomian oil. The super-
ficial layer of the PTF in the presence of
surface active polymers probably exsts
as a mixed flm of the two components.
During a blink such as adsorbed mixed
flm will be compressed. After a blink,
it will re-expand due to the surface pres-
sure generated by the film’s high state of
compression. As the re-expanding film
moves over the ocular surface, it carries
with it a finite amount of water due to
the viscous drag of its hydrophilic groups
on the water beneath them.** In order to
try to explain the differences in preocular
fluorescence produced by the various poly-
mer solutions and the increase in thick-
ness of the PTF between blinks, we de-
vised a method to measure the thickness
of the water layer carried by moving sur-
face adsorbed polymer molecules. If differ-
ent polymers drag different amounts of
water as they spread, then perhaps, in
part, this could also explain the differences
in preocular fluorescence observed with
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Fig. 7. Slide technique used to measure the thickness of moving polymer flms.

polymer solutions of the same viscosity.
The following experiment was performed
to simulate the spreading of polymers at
the air/tear interface. A clean glass slide
was dipped into a beaker of 0.9 per cent
saline (containing fluorescein at a con-
centration of 5 x 10 Gm. per milliliter)
such that the total surface area of the wet
portion of the slide was approximately 8
cm.? (4 cm? x 2 sides). The polymer
solution in question was prepared at the
same fluorescein concentration and placed
in a Petri dish with a surface area of 64
cm.2. When the wet glass slide was touched
to the surface of the polymer, the polymer
solution was observed to climb the verti-
cal slide. Polymer solutions will not spread
on a dry glass slide because of the un-
favorable energetics of wetting a dry sur-
face. If at this time the change in fluores-
cence of the slide was measured as the
moving film passed the SLFP sensing de-
vice (Fig. 7), the thickness of the film
could be calculated using the calibration
curve (Fig. 2). Table II shows that the
thicknesses produced by the moving films
differ considerably with Visculose giving
the greatest thickness, an apparent con-
tradiction to the in vivo result with Viscu-
lose. However, this system may not be

- analogous to the in vivo situation since

Table III. The thicknesses of moving
polymer films

Thickness (umiof
water layer dragged

Viscosity by polymers
Polymer (centipoise)| 64 cm.? ] 0.52 cm*™
Barnes-Hind
wetting solution 58 11 22
Adapt 70 16 17
Presert 18 — 16
Lacril 28 16 14
Visculose 130 30 11
PVA 120 19 18
PVA 20 19 12
HPMC 120 11 12
HPMC 20 9 9
Monomolecular film of PYA 13

®Surface area of trough.

the surface area of the Petri dish is much
larger than the surface area of a com-
pressed film in the eye. Because of the
large surface area of the Petri dish, the
amount of surface film available for spread-
ing is greater than that in vivo. We re-
designed the system so that the area of
the surface film available for spreading was
52 mm.? which, although large for practical
purposes, was the closest we could come
to approximating the in vivo dimensions of
the marginal tear strip. Forty microliters
of solution was placed in a trough of 26
mm. by 2 mm. by 1.5 mm. deep, with a

e Nwm— e
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Fig. 8. The surface spreading capacity of polymer solutions.

surface area of 52 mm.:. When films of
polymers were allowed to spread from
this small trough, the thicknesses they pro-
duced (Table III) corresponded more
closely to the preocular fluorescence order
observed in the eye by the same solutions.
Barnes-Hind wetting solution and Adapt
produced thicknesses of 22 um and 17
um, respectively, and Visculose the small-
est, 11 um. PVA of 120 cp. viscosity gave
a greater thickness than HPMC 120 cp.,
18 ym and 12 um, respectively, also as
observed in vivo. Presert produced a thick-
ness of 16 um on the glass slide but in the
eye it had the least fluorescein retaining
ability along with Visculose 60 cp. The
poor ability to retain fluorescein in the eye
might be partially explained by the fact
that Presert had the lowest viscosity of
all of the solutions tested and retention
of fluorescein may be partially viscosity
dependent. From these experiments it was
apparent that the magnitude and geometry
of the surface area of the trough used for

polymer spreading could affect the thick-
ness of moving polymer films. Since the
surface pressure would be the same in
both systems, it cannot account for the
observed differences. However, in a large
dish, the transfer of a surface flm to the
wet glass surface would occur rapidly
because of the availability of an already
adsorbed polymer film. In a trough of
smaller surface area, the same process
would require migration of polymer mole-
cules from the bulk solution to the sur-
face and their subsequent surface transport
to the wet slide. In this case, factors such
as energy of adsorption, entanglement, and
aggregation between polvmer molecules in
the bulk solution may influence the kinetics
of the process and subsequently the thick-
ness of the dragged water layer. Some of
the factors mentioned might be operative
in vivo accounting for the good correlation
observed iwith the small trough and the
PTF fluorescence. Since it appears that
the kinetics of spreading of polymer films
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may influence the thickness of the dragged
sublayer of solution. The height to which
polymer films rise on a wet glass slide
was measured as a function of time (Fig.
§). A film will continue to move vertically
as long as molecules from the bulk solu-

tion diffuse to the air/water interface there- ~

by increasing the surface pressure. It is
apparent that Barnes-Hind wetting solu-
tion, Adapt, Presert, and PVA spread
much faster than HPMC or Visculose. e
believe that the ability of a compressed
film to spread spontaneously has some
relevance to the fluorescence and hence
the thickness of the PTF observed in the
eye with the same solutions since such
polymer films have the ability to move
more water as they spread.

In an attempt to see if the thickness of
a moving film could be explained by a
moving monomolecular film of polymer, a
monomolecular film of PVA was formed on
the surface of a large trough by touching
a glass rod, previously dipped into PVA
solution, to the surface of a trough con-
taining saline and fluorescein (5 x 10-°
Gm. per milliliter). Polymer molecules
were allowed to spread on the saline surface
until no more molecules could spread on the
surface of the trough. A clean wet glass slide
was touched to the surface of the trough
allowing the monolayer to spread on the
glass surface. The thickness of water layer
dragged by the monomolecular film was
13 um (Table III), similar to that pro-
duced by the bulk solution of PVA 20
cp. (12 um) when spread from the small
reservoir. This suggests that the thickness
of the water layer dragged on a glass
surface by PVA can be accounted for by
a monomolecular film of the same poly-
mer, indicating that the polymer molecules
at the surface are mainly responsible for
the dragged water layer and that those
PVA molecules in the bulk solution do
not significantly influence the thickness
of the dragged water layer. However, as
mentioned previously, factors such as en-
tanglement and aggregation of polymer

molecules could co::eivably influence this
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process with other polymer types and under
different spreading conditions (e.g., HPMC
spreading from the small 40 1 trough).

Discussion

The role of viscosity and instilled vol-
ume of ophthalmic vehicles. Chrai and co-
workers®* have shown that the rate of
drainage of an instilled drug from the eye
of rabbits is related to the volume of the
drug solution instilled and increases with
increasing volume. In Fig. 3, we have
shown that the retention of fluorescein is
much greater if the same amount of fluores-
cein is instilled in 1 gl versus 25 ul. The
same authors' have also shown that the
rate of solution drainage is related to vis-
cosity and decreases with increasing vis-
cosity of methylcellulose vehicles. Using
HPMC solution as a vehicle, we have also
demonstrated that increasing viscosity pro-
longs the retention of fluorescein in the
PTF. However, this conclusion does not
appear to apply to PVA solutions on the
basis that there did not appear to be a
significant difference in the fluorescein re-
tention produced by PVA 120 cp. or PVA
20 cp. at 500 seconds after instillation. Also
by the dilution technique, PVA 120 cp.
and PVA 20 cp. had almost the same
reservoir volume at 100 seconds when
compared to HPMC 20 cp., in contrast to
HPMC 120 cp., Table L It is possible
that the molecular conformation as well
as entanglement of HPMC molecules might
retard its drainage. Adler, Maurice, and
Patterson,* using SLFP, observed a slight-
ly higher PTF fluorescence with viscous
drops when compared to saline, but did
not feel that the increased fluorescence
observed with viscous drops was due to
a decreased drainage rate (prolonged con-
tact time) of fluorescent polymer solution
from the PTF. These investigators con-
tended that the increased fluorescence ob-
served with the viscous solution was due
to a greater initial saturation of the PTF
by the viscous drop, since a saline drop
would drain more quickly. Actually, one
would expect that a more viscous drop
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would tend to mix more slowly and less
completely within the same period of time
as a less viscous drop. These authors have
suggested that the time of mixing is im-
portant, but this has not been our ex-
perietice.

The question raised is, how does in-
creasing the viscosity of a polymer solu-
tion increase the retention of a substance
in the PTF? The following conclusions
from this studv might answer part of
the question. By increasing the viscosity
of a vehicle, one in effect increases the
duration of the vehicle in the eye probably
by decreasing the drainage rate thereby
increasing the marginal tear strip volume
for a longer period of time compared to
nonviscous solutions. The increased mar-
ginal tear strip volume would then act
as a reservoir for fluorescein such that
with each blink fluorescein is respread
in the PTF over the ocular surface. Al-
though this mechanism seems applicable
in the case of HPMC, it does not appear
to be as applicable to PVA, since PVA
does not appear to increase the marginal
strip volume as significantly with increasing
viscosity. Even though HPMC 120 cp. at
100 seconds after instillation has a larger
reservoir volume than PVA of 120 or
20 cp. viscosity, PVA still gives a greater
PTF fluorescence, indicating that this poly-
mer is capable of forming a thicker PTF.
This -also implies that a larger reservoir
volume is not necessarily required for the
formation of a thicker PTF. This may
indicate that only a certain minimum
quantity or volume of polymer solution
is needed to create the film thickness mea-
sured over the cornea with the SLFP and
beyond this critical amount the excess re-
mains in the reservoir. This is based on
the observation that HPMC 120 cp. and
HPMC 20 cp. produce nearly the same
fluorescence at 100 seconds after instilla-
tion, vet have greatly different reservoir
volumes by the dilution technique at the
same time.

Theoretical considerations™ * indicate
-that a thicker PTF might prolong PTF
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breakup. The following pieces of data
from this study indicate that the PTF is
increased in thickness by polymer solu-
tions:

1. The initial fluorescence of the PTF
after instillation of a polymer solution cor-
responds to a 15 to 20 ;m thickness from
our calibration graph, which is consider-
ably greater than the thickness of 4 to
10 xm reported by Ehlers,'” and 6 um
reported by Mishima' and Maurice and
\Wright,* for the normal PTF.

2. One microliter of saline and 25 ,l
of PVA, both containing the same amount
of fuorescein, produce the same PTF
fluorescence, suggesting that PVA has in-
creased the PTF thickness.

3. Certain polymer solutions allow the
PTF to increase in fluorescence (thick-
ness) between blinks.

\When comparing different commercial
polymer solutions, fluorescein retention
does not seem to be strictly dependent
upon viscosity (Fig. 5). Barnes-Hind wet-
ting solution and Adapt, 60 and 70 cp.
viscosity, respectively, produced greater
fluorescein retention than Visculose 130
cp. or 60 cp. In order to try to explain
these results we decided to investigate
the water dragging capacity of spreading
polymer flms from these solutions. \We
succeeded in demonstrating that spread-
ing films of Barmes-Hind wetting solution,
Adapt and Presert were approximately
twice the thickness of films of Visculose.
We would like to emphasize that we could
not demonstrate any correlation between
the in vitro wetting properties of these
polymer solutions such as surface tension
and advancing contact angle and their
fluorescein retention in the eye. The only
correlation we could find with fluorescein
retention in the PTF was the thickness
of the dragged aqueous laver produced
by these polymers and their capacity for
surface spreading on wet glass surfaces,
indicating that these two parameters of
polymer solutions may be important in
fluorescein retention and in providing a
thick PTF. This reasoning is supported
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by the experimental observation that poly-
mer solutions in the eye increase the PTF
thickness between blinks.

There appear to be a number of rational
uses for polymer solutions in ophthalmol-
ogy. Their use as wetting agents for con-
tact lenses has been discussed.* **- ** Holly
and Lemp** * have examined the effects
of polymers as ocular wetting “agents and
feel that certain polymers demonstrate
mucomimetic properties, advocating their
use as tear substitutes for certain types
of tear deficiencics. In the absence of
mucin, which they feel to be the natural
corneal wetting agent,** polymers may af-
fect corneal wetting by adsorption at the
corneal/tear interface and by decreasing
the surface tension of the tear through
interaction with the superficial lipid layer.

Mechanisms of stabilization of precor-
neal tear filim by polymers. A thick PTF
might be expected to be of benefit in
aqueous deficient dry eyes and may even
prevent the abnormal PTF breakup ob-
served in mucin-deficient dry eyes.** One
may envision at least three mechanisms
by which polymer solutions may increase
the PTF thickness. (1) By increasing the
volume of fluid available in the marginal
tear strip, (2) by absorption of polymers
at either the corneal/aqueous or mucin-
aqueous interface, or (3) by a film of
polymer solution at the air/tear interface
supporting a layer of water beneath it or
by dragging a layer of water with it as
it spreads over the ocular surface with
each blink.

The first mechanism of increasing film
thickness is alluded to by Ehlers.” From
this study, it seems that the PTF can be
transiently increased in thickness by the
increase in volume provided by 25 ul
of saline and for a more substantial time
by increasing the viscosity of the vehicle
(25 11 PVA 75 cp. vs. 25 pl saline 1 cp.)
(Fig. 3). At present, it is difficult to say
how long just an increased marginal tear
strip volume alone can increase the thick-
ness of the PTF without quantitative mea-
surements of fluorescein dilution and tear
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flow. Our general impression is that with
the most viscous solutions this phenomenon
may persist for as long as 20 minutes.

In the second mechanism, the adsorbed
polymer by virtue of its hydrophilic-lipo-
philic character, would be capable of ad-
sorbing by multiple points of attachment
at the corneal/tear or mucin ‘aqueous in-
terface extending into the adjacent aqueous
phase, thereby stabilizing a thick layer
of water adjacent to the adsorbing surface.
In a broad sense, this adsorbed polymer
would be acting like a sponge of loose
structure.

The adsorption of polymers to the cor-
neal surface has been studied by Lemp
and Szymanski** who measured changes
in the contact angle of a drop of saline
on the comeal surface of isulated rabbit
eyes before and after polymer adsorption.
This study essentially demonstrated that
polymers have strong adsorptive proper-
ties which in some cases are more sig-
nificant than those of mucin and that some
adsorbed polymers resist considerable
washing by saline.

Concerning the third mechanism, we
have shown that spreading polymer films,
including a monomolecular film of PVA,
have the capability of dragging with them
an aqueous layer 10 to 20 um thick, pro-
vided there is sufficient water available
for them to move as well as sufficient poly-
mer to produce a monomolecular film at
the air/tear interface. In the eye, the
amount of fluid available to move is strict-
ly controlled by normal homeostatic mech-
anisms. By applying a drop of polymer
solution to the eye, sufficient water be-
comes available for the polymer film
to drag. As long as there are polymer
molecules remaining at the air/tear in-
terface, the amount of water in the PTF
should be increased by the amount of
water that is stabilized by the hydro-
philic groups of the polymer as well as
by its surface spreading characteristics,
even though the basal tear flow input and
output remains the same as normal. It is
a common observation that in a soap
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film hundreds of millimicra can be sta-
bilized in a vertical frame by the adsorp-
tion of surfactant molecules at the air water
interface. Also a vertical film of water, not
more than 100 wm, is prevented from
falling due to gravity by the presence of
surface active molecules at the air/tear
interface. A surface film havingea high
surface pressure gradient acts as a force
in a vertical direction to counteract the
downward force of gravity. The surface
film is capable of supporting the water in
between the corneal surface and the air/
tear interface because of its hydrophilic
groups. The hydrophilic groups of the sur-
face film serve as “anchor points” to sta-
bilize the water layer beneath them.
When the surface molecule moves, the
entire network of water molecules orga-
nized by the film moves also. \We have
measured the thickness of this water layer
to be 10 to 20 um which is less than but
approximates the 25 to 30 pm thickness
for oleic acid monolayers reported by
Schulman and Teorell”* using an entirely
different method and is in agreement with
the subjective observations made by Brown
and Dervichian.* Interestingly, the thick-
ness of the PTF in the presence of poly-
mers which we have measured is of the
same order of magnitude, 10 to 20 um.
Since the diameter of a water molecule
is 3 A, this thickness would be equivalent
to 40,000 water molecules stacked end-on-
end.

The capacity of polymer molecules to.

move water as they spread is by no means
unique but probably a property of surface-
active molecules in general. In our experi-
ence fatty acids, phospholipids, and choles-
terol as well as a number of detergents
have been shown to move similar thick-
nesses of water (unpublished data) but
because of the toxic and irritating effects
of some of these substances in the eye,
their use is prohibited.

There is no doubt that the normal tear
film components such as meibomian gland
secretion, mucin, albumin, globulin, etc.
" are partially responsible for the stabiliza-
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tion of the normal PTF and it is quite
probable that they demonstrate some of
the phenomena described above. However,
the fact remains that polymer solutions
can increase the thickness of the normal

tear film. Holly** has recently published a

study on the surface chemistry of normal
tear film component analogues, and has
alluded to studies presently being under-
taken to include the interactions of these
components with polymers. It would be
interesting to compare the spreading char-
acteristics of polymers versus normal tear
flm components as well as their inter-
actions and water dragging capacity.

One may envision the mechanism of
polymer induced thickening of the PTF
in the following way: two forces act to
spread tears over the ocular surface. (1)
The upper eyelid, by a mechanical ac-
tion, pulls water with it as it is raised,
and the amount of water moved is en-
hanced by (2) the vertical spreading of
polymer molecules pushing and/or drag-
ging additional water with them as they
spontaneously spread at the tear/air inter-
face (Fig. 9). Polymer molecules which
are capable of rapid adsorption at the
air/tear interface will move from the bulk
solution to the surface and continue to
provide a surface-pressure gradient which
induces spreading until equilibum is
reached. The duration of polyvmer-ingnced
tear film thickening would be a function
of the retention time of the polymer in
the eye. Meibomian secretion, because of
its limited solubility in water, would be
expected to have a long retention time
since the normal tear flow would occur
between the air/tear surface film of meibo-
mian secretion and the ocular surface.
Highly water-soluble polymers which are
less surface active would have a short
retention time in the PTF since they would
be removed by the normal tear flow. Based
on this reasoning, perhaps more surface-
active polymers should be experimented
with in the framework provided above.

This study has only examined the tear
film for a brief time after the application
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Fig. 9. Schematic representation of a moving polymer film during a blink.

of polymer solutions and, at this time, it
is impossible to predict how long such
effects as tear film thickening persist. It
is entirely possible that the PTF thicken-
ing by polymers is strictly due to mechani-
cal spreading of a viscous polymer solu-
tion by the upper eyelid during a blink.
It is also possible that the long-term desir-
able effects of polymers are entirely differ-
ent from those introduced in this text and
that the different polymers utilized in
this study may prove to have completely
different desirable properties when exam-
ined from a different standpoint, such
as adsorption to the corneal surface.

We have succeeded in demonstrating that
polymer solutions increase the thickness of
the PTF. When comparing different poly-
mer solutions, the retention of fluorescein
in the PTF is not strictly related to the
viscosity of the vehicle or its surface
wetting properties but there is a good
correlation with its surface spreading char-
acteristics and its ability to drag water.
The increased thickness of the PTF ob-

served with polymers may be attributed
to a spreading surface film of polymer
molecules. We believe that a polymer’s
capability to move water and stabilize a
thick aqueous layer may play an important
role in the use of polymer solutions in
ophthalmology, especially as tear substi-
tutes in people with dry eye syndromes.
We hope that future studies will further
characterize the properties of polymers in-
volved in this phenomenon.

We would like to thank the volunteers who pa-
tiently assisted in the completion of this study,
especially Mr. N. J. Shah and Mr. S. Dwivedy
who also provided some stimulating discussion
concerning this work.
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