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a b s t r a c t 

Objective: Perfluorohexyloctane (PFHO) MIEBO 

TM , formerly (NOV03) is a single component, water-free 

eye drop approved by the Food and Drug Administration in the United States for the treatment of dry 

eye disease. We evaluated the in vitro inhibitory effect of PFHO on the evaporation rate (R evap ) of saline. 

Methods: Evaporation rates were measured gravimetrically at 25 °C or 35 °C. The evaporation rate (R evap ) 

of phosphate-buffered saline (PBS) was measured following the application of 11-20 0 μL PFHO or 10 0 μL 

artificial tears (Soothe XP [Bausch + Lomb, Bridgewater, New Jersey], Systane Balance [Alcon, Fort Worth, 

Texas], and Systane Ultra [Alcon]). The effect of PFHO on the R evap of PBS was further evaluated following 

the addition of 50 mg/mL mucin to PBS and compared with that of meibum lipid collected from a 68 

year-old White volunteer. 

Results: At 25 °C the mean (SEM) R evap of PBS alone or PFHO alone was 4.06 (0.06) and 0.137 (0.004) 

μm/min, respectively. Layering 100 μL PFHO over PBS inhibited the R evap of PBS by 81% ( P < 0.0 0 01), 

whereas artificial tears had no effect. The presence of mucin attenuated the inhibition of the R evap of PBS 

by PFHO by 17% ( P < 0.0 0 01). At 35 °C, the R evap of PBS was inhibited by 88% when layering 100 μL PFHO 

over PBS and 28% when applying a single 11 μL drop of PFHO ( P value < 0.0 0 01 for both). Meibum lipid 

inhibited the R evap of PBS by 8% at this temperature, whereas the combination of a drop of PFHO plus 

meibum inhibited the R evap of PBS by 34%. 

Conclusions: PFHO significantly inhibited the R evap of saline in this in vitro model. The data support 

the idea that PHFO may form an antievaporative layer on the tear film surface and may be a functional 

substitute for the native tear-film lipid layer in patients with dry eye disease. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Dry eye disease (DED) is a common presentation in eye care 

nd can be attributed to reduced tear production, increased tear 

vaporation, or a combination thereof. 1 The majority of DED is 

vaporative in nature, and the primary cause of evaporative DED 
✩ This study was presented, in part, as a poster at the 2022 annual meeting of 

he Association of Research in Vision and Ophthalmology, May 1–5, 2022, Denver, 

olorado, and the World Cornea Congress, September 28–29, 2022, Chicago, Illinois 
∗ Address correspondence to: Douglas Borchman Ph.D., Department of Ophthal- 

ology and Visual Sciences, The University of Louisville, 301 E Muhammad Ali Blvd, 

ouisville, KY 40202. 
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s Meibomian gland dysfunction (MGD). 2 , 3 In MGD, qualitative 

hanges and/or reductions in meibum secretion are believed to 

ead to excessive tear evaporation, which, if uncontrolled, leads to 

 loss of tear film homeostasis and tear film instability. 2 , 4 , 5 

Perfluorohexyloctane (MIEBO 

TM , formerly NOVO3, henceforth 

bbreviated PFHO), a semifluorinated alkane ( Figure 1 ) is approved 

y the Food and Drug Administration in the United States as a 

rescription treatment for DED. 6–8 It has also been used as a 

omponent of artificial blood, 9–15 in drug delivery, 16–22 as an en- 

otamponade, 23 , 24 and is registered as a medical device outside 

he United States. 25–30 PFHO is an amphiphilic molecule, consist- 

ng of 6 perfluorinated and 8 hydrogenated carbon atoms. The 

ydrogenated carbon chain of PFHO has a much smaller cross- 

ectional area, 18.5 Å, than the perfluorinated carbon chain, at 28 Å 
under the CC BY-NC-ND license 
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Figure 1. Space filling model of perfluorohexyloctane. White balls are hydrogen 

atoms, gray balls are carbon atoms and the green balls are fluorine atoms. 
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 Figure 1 ), 31 which gives PFHO its unique physical properties com- 

ared with nonfluorinated or completely fluorinated hydrocarbons. 

emifluorinated alkanes are immiscible with hydrocarbons or wa- 

er and, unlike hydrocarbons, do not form ordered liquid crystalline 

hases when the number of perfluorocarbons in the semifluori- 

ated alkane is < 8. 32 The immiscibility may arise because per- 

uorinated hydrocarbons are much more hydrophobic compared 

ith alkanes 33 and because fluorine is less polarizable than hy- 

rogen. Computational studies indicate that “relatively weak inter- 

olecular forces in perfluoroalkanes compared to alkanes are their 

round-state geometries, which are increasingly unsuitable for in- 

ermolecular interactions as the carbon chain length increases, and 

heir rigidity, which makes deformation from the ground-state ge- 

metries unfavorable.”34 Thus, the physical properties of, and co- 

esive energy between perfluorinated carbon chains is much less 

ompared with protonated carbon chains resulting in a lower sur- 

ace tension. 35 

PFHO does not scatter or absorb visible light, transmitting 

 99% of visible light, but absorbs harmful higher energy ultravio- 

et light. 36 Infrared spectroscopy, 36 differential scanning calorime- 

ry, 37 and molecular volume measurements 38 indicate that unlike 

ost semifluorinated alkanes, PFHO is a liquid above 0 °C, and no 

onformational or structural phase transitions were observed. As a 

onsequence of it being a liquid at physiological temperatures with 

 positive spreading coefficient, 24 and surface rheology, 39 PFHO 

ould be expected to readily spread across the ocular surface on 

nstillation. One would expect that PFHO layered on top of the tear 

lm would prevent evaporation of the aqueous layer underneath. 25 

owever, until now, there were no published articles quantifying 

he antievaporative properties of PFHO. 

The aim of the current study was to explore the antievaporative 

ode of action of PFHO further. An in vitro assay incorporating 

he approximate area of the ocular surface was used to measure 

he evaporation rate (R evap ) of phosphate-buffered saline (PBS) fol- 

owing the application of PFHO compared with common over-the- 

ounter artificial tears. As well, the inhibition of evaporation of PBS 

ith PFHO was evaluated in the presence of mucin added to PBS 

o simulate how the antievaporative properties of PFHO might be 

nfluenced when the tear film has evaporated down close to the 

ucin layer. Finally, the inhibitory effect of a single drop of PFHO 

n the evaporation of PBS was evaluated at a temperature close 

o that of the eyelid and compared with that of meibum from a 

ealthy volunteer. 

ethods 

aterials 

PFHO (NovaTears lot TA0310A) was obtained from Novaliq, Hei- 

elberg Germany. The following artificial tears were obtained from 

almart, San Bruno, California: Soothe XP (Bausch and Lomb, 

ridgewater, New Jersey), Systane Balance (Alcon, Fort Worth, 

exas), and Systane Ultra (Alcon). PBS and mucin from bovine sub- 

axillary glands, Type 1S were obtained from Sigma Chemical 

ompany (St Louis, Missouri). 
2 
Meibum was collected by medically qualified personnel as de- 

cribed below. All protocols were in accordance with the tenets 

f the Declaration of Helsinki and approved by the University of 

ouisville Institutional Review Board (No. 11.0319; October 2021). 

eibum collection 

Written consent was obtained from a 68-year-old male volun- 

eer without DED. Briefly, meibum was expressed from all 4 eye 

ids using an ILUX instrument (Alcon) according to the manufac- 

urer’s instructions other than that the lids were not anesthetized 

eforehand. 40 Approximately 0.5 mg meibum was collected from 

ll 4 lids with a platinum spatula and immediately dissolved into 

.5 mL chloroform-d in a 9-mm glass microvial with a polytetraflu- 

roethylene cap (Microliter Analytical Supplies Inc, Suwanee, Geor- 

ia) and stored in the freezer until use. 

MR spectroscopy 

A 700 MHz 1 H-NMR was used to analyze the cholesterol ester 

CE) and wax ester (WE) composition of collected meibum. Analy- 

es were performed with 1024 scans, 45 0 pulse width, and a 1.0 0 0 

 relaxation delay between 0 and 11 ppm. Chemical shifts were 

eferenced to the chloroform-d resonance at 7.25-ppm resonance. 

RAMS/386 software (Galactic Industries, Salem, New Hampshire) 

as used to analyze all spectra. The molar ratios of CE to WE, were 

alculated from Eqs. 1–3 below as described previously. 41 

E / WE molar ratio = I 4 . 6 X 2 / I 4 . 1 (1) 

E / WE molar ratio = ( I 1 + I 6 . 3 ) / I 4 . 1 / 3 (2) 

verage of CE / WE molar ration from equation 1 and 2 . (3) 

Where I is the area of the resonance (ppm) that appears as a 

ubscript. 

Calculation of the amount of WE and CE collected. 

The amount of WE and CE collected was determined similar to 

 previous study. 41 Standard solutions of cholesteryl stearate and 

tearyl stearate in chloroform-d were prepared at the following 

oncentrations: 0, 0.01, 0.05, and 0.1 mg/mL. A 

1 H-NMR spectrum 

as measured for each sample. A WE standard curve was made by 

lotting the ratio of the WE resonance intensity at 4.01 ppm/the 

hloroform-d resonance intensity at 4.25 ppm for the y -axis, vs 

he milligrams per milliliter standard on the x -axis. A CE standard 

urve was made by plotting the ratio of the CE resonances at 1 and 

.65 ppm / the chloroform-d resonance intensity at 4.25 ppm for 

he y -axis vs the milligrams per milliliter standard on the y -axis. 

 evap studies 

R evap was measured gravimetrically as described previously 

sing a Mettler-Toledo AT261 analytical balance (Columbus, 

hio). 42–44 The balance was calibrated and certified by a Mettler 

echnician. Unless stated otherwise, R evap measurements were con- 

ucted at 25 °C. To control the temperature of the experiments, 

amples were placed on an aluminum block, the temperature 

f which was controlled by water circulating through it from a 

aake-B water bath (Haake Manufacturing, DeSoto, Missouri). To 

easure the R evap of PBS, PFHO, and artificial tears alone, 1 mL 

amples were placed into a plastic container 0.8-cm deep with an 

nside diameter of 1.5 cm as reported elsewhere. 42–44 At these di- 

ensions, the surface area of samples within the container, 1.77 

m 

2 , is similar to that of the human ocular surface, of 1.3 cm 

2 to 

 cm 

2 . 45 , 46 Sample weight was recorded to 5 decimal places once 

very 10 minutes over a period of 100 minutes. PBS was used as 



J. Vittitow, R. Kissling, H. DeCory et al. Current Therapeutic Research 98 (2023) 100704 

a

s

h

i

o

w

p

o

w

P

c

P

a

w

o

m

f

b

p

s

r

T

t

f

r

v

t

t  

w

°
P

o

i

t

T

a

P

a

b

l

b

n

<

R

1

y

m

p

t

t

s

m

f

m

Table 1 

Assignments for resonances for human meibum. 

Resonance No. ∗ Chemical shift, ppm Proton resonance assignment † 

1 5.36 Cholesterol carbon #6 

2 5.33 Hydrocarbon = CH- cis 

3 5.125 Squalene 

4 4.6 Cholesteryl ester carbon #3 

5 4.29-4.10 Tri- and di-glycerides 

6 3.9 Wax ester –CH 2 -O-(C = O)- 

7 1.55 -CH 2 - 

8 1.24 CHCl 3 
9 0.998 Cholesterol carbon # 19 

10 0.906 Cholesterol carbon #21 

11 0.897 Cholesterol carbon #21 

12 0.878 Straight-chain 

13 0.868 Straight-chain 

13 0858 Straight-chain 

14 0.853 Iso-branched 

14 right shoulder 0.850 Anteiso-branched 

15 0.843 Iso-branched 

15 right shoulder 0.839 Anteiso-branched 

16 0.829 Anteiso-branched 

17 0.821 Anteiso-branched 

18 0.663 Cholesterol carbon #18 

∗ Corresponds to resonance numbers in Figure 2 . 
† The carbon number refers to the protons on that carbon. 

Table 2 

Evaporation rates of samples alone. 

Sample 

Evaporation rate, ∗

μm/min 

Number of 

determinations 

25 °C † 

Phosphate-buffered saline 4.06 (0.06) 37 

Perfluorohexyloctane 0.137 (0.04) 12 

Systane Ultra ‡ 3.77 (0.1) 6 

Systane Balance ‡ 3.2 (0.02) 8 

Soothe XP § 3.65 (0.07) 4 

35 °C 
Perfluorohexyloctane 0.82 (0.12) 6 

Phosphate buffered saline 10.47 (0.008) 16 

∗ Values are presented as mean (SEM). 
† Values are presented as n. 
‡ Alcon, Fort Worth, Texas. 
§ Bausch + Lomb, Bridgewater, New Jersey. 
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 surrogate for actual tears, given the R evap of human tears is the 

ame as that of PBS alone 43 and the length of time that would 

ave been required to collect the volume of tears needed prohib- 

ted using human tears in the current study. 

To evaluate the effect of PFHO and artificial tears on the R evap 

f PBS, aliquots of PFHO (11–200 μL) or artificial tears (100 μL) 

ere placed on the surface of 1 mL samples of PBS, and total sam- 

le weight was recorded to 5 decimal places every 10 minutes 

ver 100 minutes. Similarly, to evaluate the effect of meibum lipids 

ith and without PFHO compared with PFHO only on the R evap of 

BS, meibum lipids (34 μL containing 20.2 μg meibum esters in 

hloroform-d) was applied to the surface of the 1-mL samples of 

BS at 35 °C to form a 125-nm thick layer of meibum lipids. After 

 30-minute equilibration period, aliquots of PFHO (11 or 100 μL) 

ere added to the appropriate meibum lipids/PBS samples or PBS- 

nly samples and the total sample weight was recorded to 5 deci- 

al places every 10 minutes over 100 minutes. To evaluate the ef- 

ect of mucin, dissolved in PBS, on the inhibition of the R evap of PBS 

y PFHO, mucin (50 mg/mL) dissolved in PBS was used as the sub- 

hase and aliquots of PFHO (100 μL) were added to the mucin/PBS 

amples or PBS-only samples. Again, the total sample weight was 

ecorded to 5 decimal places every 10 minutes over 100 minutes. 

he R evap for PBS alone was included in every experiment as a con- 

rol. 

In all experiments, the total R evap for each sample was obtained 

rom the slope of the best-fit line obtained by least squares linear 

egression analysis expressed in units of grams per minute. To con- 

ert R evap in grams per minute to R evap in micromoles per minute, 

he following equation was used: 

R evap ( g / min ) / density ( g / mL ) × 1c m 

3 / mL / area 
(
cm 

2 
)

×10 

4 μm / cm 

Where ‘area’ is the surface area of the samples within the con- 

ainer exposed to the air, or 1.766 cm 

2 . A density of 1.0 0 0 g/mL

as used for PBS (actual density of water is 0.997 g/cm 

3 at 25 

C) and artificial tears, and a density of 1.331 g/mL was used for 

FHO. For experimental samples in which PFHO was added to PBS, 

r PBS and meibum, the R evap of PBS was determined by subtract- 

ng the R evap of pure PFHO at the relevant temperature from the 

otal R evap of the combined sample to generate an adjusted R evap . 

his correction was not necessary when artificial tears were added 

s the difference between the R evap of the artificial tears alone and 

BS alone was not significantly different except for Systane Bal- 

nce, where the difference was minimal ( < 10%). The percent inhi- 

ition of the R evap of PBS, because of the added PFHO, was calcu- 

ated by subtracting the product of the adjusted R evap multiplied 

y 100 and divided by the R evap of PBS alone from 100. 

R evap data are presented as mean (SEM). P values to test for sig- 

ificance were measured using a 2-tailed Student t test. A P value 

 0.05 was considered statistically significant. 

esults 

 H-NMR spectroscopy of human meibum lipids 

The 1 H-NMR spectrum of meibum lipids collected from a 68- 

ear-old White man was measured and was typical of human 

eibum spectra ( Figure 2 , Table 1 ). Standard curves were pre- 

ared as outlined in the Methods section and used to calculate 

he amount of meibum lipids collected. In 649 μL chloroform-d 

here was 1.7 mg meibum lipids per milliliter-pooled meibum. The 

lopes and correlation coefficients of the standard curves used to 

ake the calculation were 0.688, r = 0.9941; and 0.458, r = 0.9923, 

or cholesteryl stearate and stearyl stearate, respectively. 

Proton NMR analysis showed the CE/WE molar ratio of the 

eibum lipids sample used for the current study was 0.75, 0.68, 
3 
.71, as calculated based on Eqs. 1–3 of the Methods, respectively, 

nd was characteristic of previous meibum and meibum lipids 

amples collected from the same donor. 

 evap 

In all experiments, the room temperature was 25 °C, and the 

elative humidity varied between 31% and 35%. R evap was linear 

ver the 100-minute testing period for all experimental samples 

ased on correlation analysis of the best-fitted line of the plot of 

eight vs time ( r > 0.999 for all). 

The mean (SEM) (number of determinations) R evap for PBS 

lone, PFHO alone, and for artificial tears alone are given in 

able 2 . The R evap of PFHO alone was significantly different from 

hat of PBS alone ( P < 0.0 0 01). Of the artificial tears, only Systane

alance alone demonstrated a slightly lower, significantly different 

 evap vs PBS alone ( P < 0.0 0 01). 

Layering PFHO (50, 100, 150, and 200 μL) over PBS inhibited 

he R evap of PBS by 71%, 81%, 82%, and 87%, respectively ( Figure 3 

nd Table 3 ). Regardless of the amount of PFHO added, the R evap 

f PBS was significantly lower in the presence of PFHO compared 

ith PBS alone ( P < 0.0 0 01 for all PFHO aliquots). 

The effect of layering PFHO on the R evap of PBS was compared 

ith that of artificial tears. Results ( Figure 4 ) showed that while 

he R evap of PBS was significantly inhibited by the addition of 100 
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Figure 2. 1 H-NMR spectra (a, b, c) of human Meibum collected from a 68-year-old White man without dry eye disease. Numbers refer resonance assignments in Table 1 . 

Table 3 

Evaporation rate for phosphate-buffered saline with increasing amounts of perfluorohexyloctane (PFHO) layered on top at 25 °C. ∗

Parameter 

PFHO added, μL 

0 

(n = 37) 

50 

(n = 7) 

100 

(n = 12) 

150 

(n = 8) 

200 

(n = 4) 

Evaporation rate, g/min ‡ 0.00072 (0.00001) 0.00024 (0.00002) 0.00017 (0.00002) 0.00016 (0.00004) 0.000129 (0.000003) 

Adjusted evaporation rate 

(g/min) † 
NA 0.00021 (0.00002) 0.00014 (0.00001) 0.00013 (0.00003) 0.000097 (0.000003) 

% Inhibition 71 81 82 87 

Evaporation rate, μm/min ‡ 4.06 (0.06) 1.4 (0.1) 0.78 (0.07) 0.9 (0.2) 0.73 (0.01) 

NA = not available. 
∗ Values are presented as mean (SEM). 
† Minus evaporation due to PFHO at 0.0 0 0 05 g/min. 
‡ P ≤ 0.001 for all data compared with 0 μL PFHO added. 

Figure 3. Mean (SEM) evaporation rates of phosphate-buffered saline alone and 

with increasing amounts of perfluorohexyloctane (PFHO) layered on top at 25 °C. 

Numbers in parentheses are the number of determinations. P values to test for sig- 

nificance were measured using the Student t test. 
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L PFHO ( P < 0.0 0 01), the addition of 10 0 μL artificial tear eye

rops had no influence on the R evap of PBS ( P ≥ 0.13 vs PBS alone).

pecifically, the mean (SEM) R evap of PBS was 3.9 (0.2) μm/minute 

ith Systane Ultra, 3.8 (0.1) μm/minute with Systane Balance, 3.77 
4 
0.08) μm/minute with Soothe XP, and 0.78 (0.07) μm/minute with 

FHO layered on top. 

The effect of layering PFHO on the R evap of PBS containing 

ucin is shown in Figure 5 . The mean (SEM) R evap for PBS 

lone and PBS containing mucin were 4.43 (0.07) and 4.34 (0.08) 

m/minute, respectively, and were not statistically different. When 

00 μL PFHO was layered on top of PBS alone or PBS containing 

dded mucin, the mean (SEM) R evap of PBS was decreased to 0.78 

0.07) and 1.40 (0.09) μm/minute ( P < 0.0 0 01), corresponding to 

 percent inhibition of the R evap of PBS by PFHO of 82% and 68%, 

espectively. Thus, the inhibition of the R evap of PBS by PFHO was 

ecreased by 17% in the presence of mucin compared with PBS 

ithout mucin. 

The effect of layering a single 11-μL drop or 100 μL PFHO on 

he R evap of PBS at 35 °C in comparison to that of a 125 nm layer

f meibum lipids or the combination of PFHO with a 125 nm layer 

f meibum lipids is shown in Figure 6 . The mean (SEM, number 

f determinations) R evap for PBS alone, PFHO alone, PBS with 100 

L PFHO layered on top, and PBS with 1 11-μL drop of PFHO (ie, 

he actual volume of a dispensed drop) layered on top were 10.47 

0.08, 16), 0.82 (0.12, 6), 1.3 (0.3, 8), and 7.6 (0.9, 6) μm/minute, 

espectively, corresponding to an inhibition of the R evap of PBS by 

FHO of 88% and 28% for the 100 μL aliquot and the single 11-μL 

rop, respectively, at this temperature ( P < 0.0 0 01 vs PBS alone). 
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Figure 4. Mean (SEM) evaporation rates of phosphate-buffered saline alone (PBS) 

and with 100 μL various over-the-counter eye drop samples and perfluorohexyloc- 

tane (PFHO) placed on top at 25 °C. Numbers in parentheses are the number of 

determinations. P values to test for significance vs buffer alone were measured us- 

ing the Student t test. Systane Ultra (Alcon, Fort Worth, Texas). Systane Balanced 

(Alcon, Fort Worth, Texas). Soothe XP (Bausch + Lomb, Bridgewater, New Jersey). 

Figure 5. Mean (SEM) evaporation rates for phosphate-buffered saline (PBS) or PBS 

containing 50 mg/mL mucin (PBS with mucin) alone and each with 100 μL perflu- 

orohexyloctane (PFHO) layered on top at 25 °C. Numbers in parentheses are the 

number of determinations. P values to test for significance were measured using 

the Student t test. 
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Figure 6. Mean (SEM) evaporation rate (R evap ) of phosphate-buffered saline (PBS) 

alone, PFHO alone, and PBS overlaid with human meibum with and without the ad- 

dition of either an 11-μL drop of or 100 μL PFHO layered on top at 35 °C. Meibum 

was obtained from a 68-year-old White man. Percentage values are percent inhibi- 

tion of the R evap of PBS. Numbers in parentheses are the number of determinations. 

P values to test for significance were measured using the student’s t test. 
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n contrast, the mean R evap for PBS with a layer of meibum lipids 

as 9.66 (0.15, 6) μm/minute corresponding to an inhibition of 

he R evap of PBS by meibum lipids of only 8%; whereas the mean 

 evap for PBS with a layer of meibum in combination with a 11- 

L drop or 100 μL PFHO layered on top were 6.9 (0.6, 8), and 1.82 

0.22, 8) μm/minute, respectively, corresponding to an inhibition of 

he R evap of PBS of 34% and 83%, respectively ( P < 0.0 0 01 vs PBS

lone). Thus, a single 11-μL drop of PFHO inhibited the R evap of PBS 

early 4 times more than meibum lipids alone, whereas the addi- 

ion of 100 μL PFHO inhibited the R evap of PBS approximately 10 

imes more than meibum lipids alone. There was no difference be- 

ween the R evap of PBS with only PFHO layered on top compared 

ith both meibum lipids and PFHO layered on top ( P > 0.5). 

iscussion 

PFHO was recently approved by the Food and Drug Adminis- 

ration in the United States for the treatment of DED. PFHO is a 

reservative-free, water-free, single-component ocular drop that is 

elieved to be a functional substitute for the lipid layer of the tear 

lm, inhibiting tear evaporation. 25 We evaluated the in vitro in- 

ibitory effect of PFHO on the evaporation rate of PBS in compar- 

son to artificial tears and in the presence of mucin added to PBS. 
5 
ur in vitro model mimicked the area of the surface of the eye. At 

5 °C, a 100-μL sample of PFHO layered on top of PBS inhibited the 

vaporation rate of PBS by 82%, whereas artificial tears failed to in- 

ibit the evaporation of PBS. PFHO had a similar effect on the rate 

f evaporation of PBS at 35 °C, a temperature very close to that of 

he eyelid, 47 inhibiting the evaporation rate of PBS by 88% at this 

emperature. The inhibition of evaporation of PBS by PFHO was ro- 

ust and only slightly attenuated when mucin was added to the 

BS. 

At 35 °C the in vitro R evap of PFHO alone was 0.82 μm/minute, 

3 times slower than that of PBS alone at that temperature. At this 

ate of evaporation, with no other attenuating factors, 1 drop (11 

L or 0.015 g) of PFHO is expected to be present on the eye inhibit-

ng tear evaporation for 1.7 hours. However, PFHO has been shown 

o be present in tears for at least 6 hours following ocular applica- 

ion in rabbits, 48 indicating that, in vivo, PFHO likely interacts with 

ear moieties (ie, polar and nonpolar lipids), and is retained on the 

cular surface much longer than under in vitro static conditions. 

n in vitro nuclear magnetic resonance spectroscopic study indi- 

ates that meibum is miscible in PFHO, and an in vivo emissivity 

tudy visualizing a drop of PFHO on the ocular surface of a human 

olunteer showed it to be present for the full 2-hour evaluation 

eriod. Notably, PFHO has been shown to be present in Meibomian 

lands of rabbits even longer, 48 suggesting that Meibomian glands 

r lipids on the eye lids 49 may function as reservoirs replenishing 

FHO on the ocular surface as it evaporates. Studies evaluating the 

cular residence time of PFHO in human volunteers and patients 

ith DED are ongoing. 

The average thickness of the tear film is 4.8 μm (0.9). 50 At 

5 °C, PBS was found to evaporate at 10.5 μm/minute. As the in 

itro R evap of human tears containing native tear lipids/meibum 

as been shown to be the same as that of PBS alone, 43 it follows 

hat, based on this rate, half the tear film is expected to evaporate 

n 14 seconds in vivo, consistent with the average tear film break- 

p time of a person without DED who is older than age 50 years, 51 

nd it would take approximately half a minute to completely evap- 

rate a 5-μm thick tear film. 

A recent literature review reported that, in vivo, the R evap of 

ears increases with various forms of DED. 52 The absolute value of 

he R evap for normal individuals varies over orders of magnitude. 52 

imilarly, the average percent increase in the R evap of tears in pa- 

ients with DED varied widely among the 33 studies reported. 52 In 

he current study, 1 drop of PFHO inhibited R evap of PBS by 28% 

t 35 °C. The inhibition of R evap of PBS was even greater, 88%, with 

00 μL PFHO added. One would expect that the inhibition of R evap 
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f tears by PFHO would ameliorate much of the excessive evapora- 

ion of tears observed in DED. 52 

Tear mucins serve as a barrier, preventing apical cell-surface 

dhesion, protecting against pathogen colonization, clearing 

olecules and microorganisms, and hydrating and lubricating the 

orneal surface. 53 Membrane-associated mucins have glycosylated 

ortions that extend 200 to 500 nm above the ocular surface. 54 

ecause the glycosylated portion is hydrophilic, it is unlikely 

hat the membrane-associated mucins interact with hydrophobic 

FHO. Mucins 2 and 5AC are gel-forming soluble mucins found in 

ears. 54 It has been reported that the hydrophobic portion of solu- 

le mucins do interact with hydrophobic waxes and meibum. 55 , 56 

hus, it is possible that the hydrophobic region of mucins may 

lso interact with hydrophobic PFHO. 

To provide insight into the antievaporative action of PFHO when 

he tear film evaporates down to the mucin layer, PFHO was added 

n top of a solution of PBS containing mucin 1S, as a representa- 

ive soluble mucin, and the R evap of PBS was measured. The addi- 

ion of mucin did not affect the R evap of PBS itself, in agreement 

ith a previous study. 43 However, PFHO was found 17% less effec- 

ive in inhibiting the R evap of PBS in the presence of added mucin. 

t should be noted that the amount of soluble mucin such as 

UC5AC ranges from undetectable to 0.2 mg/mL in human tears, 

50 times less than the amount of soluble mucin used in the cur- 

ent study. 57 Thus, it is expected that, in vivo, the antievaporative 

ffect of PFHO may be reduced, albeit minimally. PFHO is expected 

o inhibit the excessive evaporation of the tear film layer signifi- 

antly even in the presence of tear mucins. 

A major finding of the current study is that, in vitro, PFHO was 

ound to inhibit the R evap of PBS 4 (with 1 11-μL drop,) to 10 (with

00 μL) times more than human meibum. In contrast, in our study, 

 125-nm thick film of meibum lipids only inhibited the R evap of 

BS by 8%. This is consistent with another study 58 and is in relative 

greement with yet other studies that show that, in vitro, meibum 

ipid does not inhibit the R evap of saline significantly. 42 , 43 , 58–60 The 

nding also brings into question the degree to which the native 

ear film lipid layer inhibits the R evap of tears in vivo. In this re- 

ard, a review of the literature since 1980 shows that in vivo the 

ean (SD) R evap of tears from 54 healthy volunteers without dry 

ye is 1.0 (0.7) μg/cm 

2 /s (see Supplemental Table 1 in the online 

ersion at doi:xxxxxxxx), similar to the R evap of tears from 59 pa- 

ients with dry eye, or 1.08 (0.68 μg/cm 

2 /second) (see Supplemen- 

al Table 2 in the online version at doi:xxxxxxxx). Along the same 

ines, we previously found the R evap of human reflex tears to be 

.88 μg/cm 

2 /second (12.3 μm/minute), 43 whereas in the current 

tudy, the R evap of PBS was 0.75 μg/cm 

2 /second (10.5 μm/minute) 

t 35 °C. 

A limitation of the current study is that the influence of PFHO 

n R evap was not measured in vivo, in an environment where blink- 

ng and tear film composition is more complex than the current in 

itro study. Thus, an in vivo study of the R evap of tears after instil- 

ation of a drop of PFHO is warranted. However, given the order of 

agnitude differences between the measurements of in vivo evap- 

ration rates measured in different studies, a large number of mea- 

urements and patients will need to be studied for the results to 

e meaningful. 

Tear break-up time is associated with the R evap of tears, and 

ear break-up time is much shorter with dry eye. In addition, there 

s evidence that PFHO treatment increases the tear film thickness, 

hich is related to R evap and breakup time. 26 , 29 Exciting is the pos- 

ibility that PFHO on the surface of the eye decreases the R evap 

f tears. It follows that, PFHO likely ameliorates ocular surface in- 

ammation resulting from desiccation stress and facilitates corneal 

ealing. Thus, on the eye, in the presence of PFHO, tear turnover 

ia blinking is expected to restore and spread the tear aqueous 

ayer long before tear evaporation dries the ocular surface. A re- 
6

tored tear film, in turn, will attenuate the inflammatory response 

t the surface and permit healing of the ocular surface epithe- 

ium. Indeed, results of 3, large randomized controlled US reg- 

stry studies evaluating PFHO in patients with DED associated with 

GD have shown significant reductions of total corneal fluorescein 

taining at day 57, following treatment with PFHO administered 

 times a day compared with saline. 6 , 7 , 8 A significant decrease 

rom baseline in total corneal fluorescein staining compared with 

aline was demonstrated by day 15 of PFHO treatment, the first 

n-treatment clinic visit, in all of these studies. 6–8 Furthermore, it 

as been suggested that the lubricating effect of PFHO on the ocu- 

ar surface provides symptomatic relief to patients with dry eye, 62 

s also attested to in clinical studies. Thus, treatment with PFHO 

ot only led to a significant change from baseline in dryness score 

based on the visual analog scale) compared with saline treatment 

oth at day 15 and day 57, but PFHO also had substantial effects on 

he visual analog scale burning/stinging and other dry eye symp- 

oms, including foreign body sensation, itching, and sensitivity to 

ight and pain. 

An unstable tear film lipid layer leads to a pathological cycle 

f evaporation, inflammation, and ocular surface damage. 2 , 3 PFHO 

ay be considered a functional substitute for the native tear film 

ipid-layer in patients with DED associated with MGD based on its 

bility to provide relief of dry eye signs and symptoms, 6–8 its opti- 

al properties, 36 its ability to provide oxygen to the cornea, 61 and 

s shown in the current study its superior ability to inhibit evap- 

ration as compared to meibum lipids and aqueous artificial tears. 

s a topical administered eye drop, PFHO likely reduces surface 

riction 

62 and forms a long lasting antievaporative barrier on the 

cular surface, facilitating surface healing. 
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