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ARTICLE INFO ABSTRACT

Keywords: Purpose: To assess the impact of molecular weight of hyaluronic acid, of the same concentration, in artificial

Hyaluronic acid tears.

;ear film Methods: A size exclusion high-performance liquid chromatography system with ultraviolet detection was used to
ry eye

measure hyaluronic acid content and establish a relative molecular weight, based on standardised hyaluronic
acid samples. The rheology of HydraMed®, Evolve® and Hylo-Forte® eye drops, which all report containing 0.2
% hyaluronic acid as the principal constituent, was assessed at shear rates of relevance to blink conditions in-
vitro, using a research rheometer fitted with a 60 mm aluminium flat plate measuring system at 31 °C.
Twenty-five participants (aged 23.6 + 9.2 years) meeting the TFOS DEWS II criteria for a diagnosis of dry eye
disease were randomised to receive one double-masked application of each drop, on separate days. Dry eye
symptom severity, non-invasive breakup time, tear meniscus height and ocular redness were assessed at baseline
and 5, 15, 30, 45, 60 and 90 min after application.

Results: Rheology demonstrated Hylo-Forte (2.5 M Da, 0.16 % hyaluronic acid) had a more non-linear (non-
Newtonian) relationship between viscosity and sheer force (r2 = 0.295) compared to HydraMed (0.8 M Da, 0.26
% hyaluronic acid; r> = 0.485) and Evolve (1.3 M Da, 0.24 % hyaluronic acid; r> = 0.521). Dry eye symptoms
rapidly reduced and tear stability improved with drop instillation and the effect slowly declined with time (p <
0.001), with all drops following a similar profile (p > 0.05). Hylo-Forte demonstrated the greatest reduction in
dry eye symptoms and sustained improvement in tear stability. Tear meniscus height increased with drop
instillation and then declined with time (F = 18.643, p < 0.001), with Evolve having a reduced initial effect
compared to HydraMed and Hylo-Forte (F = 4.045, p < 0.001). Average bulbar redness was low (0.63 + 0.44
Efron grade) and did not change with drop application (F = 1.721, p = 0.120).

Conclusions: Artificial tear formulation impacts its rheology, leading to differences in clinical effectiveness, even
from a single application. Higher molecular weight hyaluronic acid in Hylo-Forte demonstrated more non-
Newtonian behaviour, which is more aligned with the rheology of the natural tear film.
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1. Introduction

Dry eye disease (DED) is a common condition characterised by un-
pleasant symptoms of discomfort and visual disturbance and is one of
the most frequent causes of visits to eyecare practitioners [1]. The sec-
ond Dry Eye Workshop of the Tear Film and Ocular Surface Society
(TFOS DEWS II) Definition and Classification Report defined DED as
follows: “Dry eye is a multifactorial disease of the ocular surface char-
acterized by a loss of homeostasis of the tear film, and accompanied by
ocular symptoms, in which tear film instability and hyperosmolarity,
ocular surface inflammation and damage, and neurosensory
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abnormalities play etiological roles” [2]. TFOS DEWS II also advocated a
standardised system for the diagnosis of DED based on validated
symptoms questionnaires and key clinical signs [3], as well as an
evidence-based staged management algorithm to guide practitioners
[4].

Estimates of the prevalence of DED vary considerably, due to the
differing diagnostic criteria adopted by each research study and the
study population examined, but generally range from 5-50 % when
diagnosis involves symptoms and/or signs and can be up to 75 %; when
only signs are assessed to ‘diagnose’ dry eye [5]. The high prevalence of
DED results in considerable burden, both human and economic, due to
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loss of productivity and healthcare costs to individuals and health sys-
tems [6-8]. It has also been reported that the quality of life impact of
severe cases equates to chronic systemic conditions such as angina [9].

Dry eye disease is broadly divided into evaporative (EDE) and
aqueous deficient (ADDE) subclasses, with some sufferers having a
combination of both, but EDE pre-dominates [2]. Regardless of the
subtype and aetiology, artificial tears are typically included in first-line
management options, being easily accessible in a wide range of formu-
lations, and having a low risk-profile [4]. Most artificial tear prepara-
tions have been found to be effective in reducing the symptoms and signs
of DED, however there have been few high quality randomised
controlled trials comparing them with each other [4,10]. Although
drops designed for specific layers of the tear film appear to be equally
effective [11,12], research indicates that the optimal drop for a person
can be anticipated based on their initial diagnosis. Drops with phos-
pholipids are more beneficial for individuals with evaporative dry eye
[13,14] whereas osmoprotectants are advantageous for those with
elevated tear film osmolarity [14].

Artificial tears are generally aqueous or lipid-based. Aqueous-based
drops often contain viscosity enhancing agents, such as carbomer 940
(polyacrylic acid), carboxymethyl cellulose, dextran, hyaluronic acid,
HP-guar, hydroxypropyl methylcellulose, polyvinyl alcohol, poly-
vinylpyrrolidone and polyethylene glycol, which lubricate and increase
their retention time on the ocular surface [4]. Hyaluronic acid is a
naturally occurring glycosaminoglycan, which is found in and around
body cells and tissues, for example in synovial fluid, and vitreous and
aqueous humour [15]. Its use in ophthalmology was pioneered by Andre
Balazs in the late 1960s [16], with Polack and McNiece [17] being the
first to report its use in dry eye. It has also demonstrated efficacy in
promoting corneal wound healing [18,19].

Hyaluronic acid is water soluble and is capable of binding large
quantities of water, compared to its own weight, but its physical prop-
erties vary depending upon its molecular weight [20]. There is vari-
ability in the definition of high molecular weight hyaluronic acid in the
literature with one paper suggesting in biology this is typically
approximately 2,000 kDa [21], whereas another suggests anything >
500 kDa has a different biological function [22]. There is evidence from
animal models to suggest that higher molecular weight hyaluronic acid
(HMWHA) is superior in the treatment of DED compared to its low
molecular weight counterpart [23]. Furthermore, HMWHA has been
found in in-vitro models to be protective against corneal epithelial cell
apoptosis due to benzalkonium chloride toxicity, ultraviolet light radi-
ation and chemical burns [24-26], as well as being anti-inflammatory
and having a role in reducing pain sensation in a rat model [23,27].

It is important that artificial tear drops behave in a similar way to
natural tears. One aspect of this is rheology, which refers to the way
fluids and soft solids flow. The viscosity of human tears decreases during
each blink cycle, in order to protect the ocular surface from damage due
to fluid turbulence [28]. Similarly, HMWHA has been shown to exhibit
non-Newtonian shear-thinning properties [29], making it suitable for
use in artificial tears [30]. Non-Newtonian behaviour results in lower
viscosity when a force is applied (such as during blinks, potentially
reducing friction) and higher viscosity at rest (such as between blinks,
potentially increasing tear stability and comfort duration).

While some previous clinical trials have compared the efficacy of
different artificial tear products [31], little is known about the impact of
the rheology of these formulations, to inform practitioner management
decisions [13,14,31]. The chain length of hyaluronic acid determines its
physical as well as its physiological properties [20]. Hence, the purpose
of this trial was to assess whether volume-matched drops — with hyal-
uronic acid as their main viscosity agent — containing the same con-
centration but different molecular weight hyaluronic acid (and hence
displaying different rheological properties) [32], would vary in terms of
ocular surface symptoms and signs.
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2. Methods
2.1. Interventions

The study compared the effects of three commercially available hy-
aluronic acid-containing artificial tear drops on dry eye symptoms, the
tear film and ocular surface. They were selected as having hyaluronic
acid as their main viscosity agent, having the same reported concen-
tration (0.2 %), but of different molecular weights: HydraMed®
(Farmigea, Manchester, UK) contains sodium hyaluronate (molecular
weight 950 kDa)[33], tamarind seed polysaccharide, mannitol, sodium
citrate and citric acid monohydrate; Evolve® (Medicom, Fareham, UK)
contains sodium hyaluronate, sodium chloride, boric acid and borax;
and Hylo-Forte® (Scope Ophthalmics Ltd, West Sussex, UK) contains
sodium hyaluronate (molecular weight 1748 kDa)[32], citric acid
anhydrous, sodium citrate and sorbitol.

2.2. Molecular weight and concentration

A size exclusion high-performance liquid chromatography system
with ultraviolet detection was used to measure hyaluronic acid content
and to establish a relative molecular weight based on standardised hy-
aluronic acid samples. The products and specific lot codes for the studied
products are given in Table 1.

Three lots of hyaluronic acid were used as comparison materials
based on the molecular weights provided by the vendor (Table 2).

Samples were analysed on an Agilent 1100 HPLC (Degasser:
G1322A; Quaternary Pump: G1311A; Autosampler: G1313A; Column
Heater: G1316A; Variable Wavelength Detector: G1314A). The high-
performance liquid chromatography consisted of two Advanced Bio
SEC 300 A 4.6 x 300 mm columns (Agilent Technologies, Santa Clara,
CA, USA) and one Zorbax GF-250 4.6 x 250 mm column (Agilent
Technologies) [34]. The separation conditions were: flow rate: 0.300
mL/min; mobile phase: isocratic, 50 mM sodium phosphate, pH 7.4;
injection volume; 60 pL; column temperature: 40 °C; detector wave-
length: 205 nm; run time: 45 min. Samples were prepared by diluting
0.5 mL of each product with 0.5 mL of a diluent containing 0.1 M sodium
phosphate at pH 7.4, with 200 mM EDTA. Standards were prepared by
weighing ~ 50 mg of hyaluronic acid into a 20 mL flask and dissolving in
water prior to filling the flasks to volume. Each hyaluronic acid standard
was injected twice. The retention time and peak area of each was
determined.

2.3. In-Vitro rheology measures

To characterise the rheological performance of the three selected
artificial tears, solution in-vitro rheology testing was performed by the
Centre for Industrial Rheology (Warnford, Hampshire, UK) using a
research rheometer (DHR2, TA Instruments, New Castle, Delaware,
USA) fitted with a 60 mm aluminium flat plate measuring system at 31
°C. A solvent trap cover was employed to minimise drying of the sample
at the exposed edges. Shear rate profiling across a wide range of shear
rates encompassing zero-shear viscosity plateau behaviour, of relevance
to residence time on the eye, and very high shear rates, of relevance to
blink conditions, was performed three times [29,30]. Following a 30 s

Table 1
Hyaluronic acid-containing products analysed.
Product Manufacturer Lot Number(s) Exp Date
Hylo-Forte Ursapharm 3088812 10/2026
307964 07/2026
HydraMed Farmigea 0050324 03/2027
0500224 02/2027
Evolve HA Medicom Healthcare Ltd RE0223 08/2026
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Table 2
Hyaluronic acid samples used for reference.

Hyaluronic Acid Lot Intrinsic Viscosity Intrinsic Viscosity Measured

Code Range (m®/kg)
(m®/kg)

H3897 1-1.5 1.21

H4157 1.5-2.0 1.78

H4362 3-3.3 3.12

equilibration time at 31 °C the samples were exposed to a shear rate
sweep, 1.0 57! to a nominal 50000 s~!, logarithmically scaled, 5 points
per decade of shear rate, shear applied for 30 s at each rate with viscosity
calculated over the final 10 s of each step. In addition, normal stress
measurement (when an elastic fluid is sheared a stress is generated
normal (i.e. perpendicular) to the direction of shear) was measured on a
research rheometer through a force transducer fitted in the rheometer
“head”. The magnitude of this force is strongly associated with film-
forming ability, a pre-requisite for thick-film lubrication. A good film-
former typically generates a high normal stress compared to a poor
one at a given shear rate. Following a 60 s equilibration time, the
samples (maintained at 31 °C) were exposed to a linear measurement
sweep.

2.4. Participants

This prospective, double-masked, randomised crossover trial was
conducted in adherence with the tenets of the Declaration of Helsinki
and received favourable ethical clearance from Aston University
Research Ethics Committee (ID: 1831). Visits were completed at a
clinical academic site in the UK. Participants were required to be 18
years or older, with manifest symptoms and signs of dry eye disease
according to the TFOS DEWS II diagnostic criteria (Ocular Surface Dis-
ease Index (OSDI) score > 13 or 5-Item Dry Eye Questionnaire (DEQ-5)
> 6, with at least one positive indicator of homeostatic imbalance based
on non-invasive tear film breakup time, tear osmolarity and/or ocular
surface staining) [3]. In addition, participants were required: not to
wear contact lenses during the study (none were habitual contact lens
wearers); to report no history of major ocular conditions and to report no
ophthalmic surgery in the previous three months or during the treat-
ment period. Habitual therapeutic measures to treat dry eye were
allowed during the study period, however, no changes to any treatment
courses or routines (such as warm compresses) were permitted during
the study. Eligible participants were enrolled for baseline screening after
providing written informed consent to participate. A total of 25 eligible
participants (80 % females; mean + SD age, 23.6 + 9.2 years, range 19
to 65 years) were recruited (based on sample size guidance)[3] and
completed all three visits on separate days, but at the same time of day.

2.5. Measurements

Participants received one topical application of each drop in both
eyes in a randomised order. Randomisation was achieved via a pre-
determined Latin square system so that each sequence of drops
occurred an equal number of times. An unmasked investigator removed
the product labels, which were replaced with customised labels to
obscure the contents and achieve double masking. Participants were
instructed to avoid eye drop instillation, and any other treatments such
as warm compresses or lid hygiene on the day of testing. Prior to the
start of the trial, each drop was weighed. It was determined that two
drops of Hylo-Forte would be required for one application, to roughly
match the larger drop size of the two other drops (Hylo-Forte average
0.017 g / drop; HydraMed 0.044 g / drop; Evolve 0.040 g / drop). All
participants were assessed at the same site, by the same masked inves-
tigator (DS), in the same facility, with a room temperature of approxi-
mately 21 °C and relative humidity of around 30 %. Ocular
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measurements were conducted on the right eye only of each participant,
though drops were applied to both eyes. Clinical tests were conducted in
accordance with the recommendations of the TFOS DEWS II Diagnostic
Methodology subcommittee [3]. To reduce the impact on tear film
physiology, the tests were ordered from least to most invasive at each
study visit (conjunctival hyperaemia, TMH, non-invasive tear film
breakup time). Symptoms were assessed at each time point before ocular
signs, using a visual analogue scale “severity of dry eye symptoms”
question, scaled from O (very mild) to 100 (very severe). All tear film and
ocular surface measurements were assessed using the Keratograph 5M
(Oculus Optikgerate, Wetzlar, Germany) in the following order.
Conjunctival hyperaemia was evaluated by automated objective evalu-
ation of high magnification digital imaging (nasal and temporal regions
averaged), benchmarked against the JENVIS grading scale, ranging from
0 to 4 [35]. The lower tear meniscus height was assessed by capturing a
high magnification digital image and applying pre-calibrated digital
callipers taking an average of three readings; one each from the lower lid
margin beneath the nasal and temporal limbus edge and centrally. Non-
invasive tear film breakup time was measured using automated detec-
tion of first breakup, while the participant maintained fixation and was
requested to refrain from blinking. Two breakup time readings were
averaged in each case (due to the limited time between measurements
and to minimise the impact of the forced stare on subsequent ocular
symptoms and tear assessments). Outcome measures were evaluated at
baseline at each visit, and then repeated after 5, 15, 30, 45, 60 and 90
min after drop instillation. Participants remained in the temperature-
controlled clinic throughout the assessments and were not permitted
to conduct any demanding tasks such as viewing their smartphone.

2.6. Statistical analysis

The minimum required sample size was calculated to be 13 with a
two-tailed repeated measures analysis of variance (ANOVA), to detect
clinical significance with 95 % power, at a significance level of 0.05
(G*Power v3.1; Franz Faul, Universitat Kiel, Germany). This was
increased to 25, in order to make it more comparable with similar
studies [36,37] and to increase the robustness of the statistical tests.

Data analysis was conducted using SPSS (v29; IBM, New York, USA).
As the measures were all continuous and not restricted by a ceiling or
floor effect, repeated measures ANOVA was applied with artificial tear
and time as within-participant variables. This reduced the number of
statistical tests and hence the chance of a type I error. T-tests post-hoc
testing was applied to compare each artificial tear’s effect compared
to baseline at a particular time point, only when a significant difference
with time had been detected by the ANOVA.

3. Results
3.1. Molecular weight and concentration
The estimated molecular weight of the hyaluronic acid in each of the

products is presented in Table 3 alongside the measured hyaluronic acid
concentration.

3.2. In-Vitro rheology
Hylo-Forte showed a less linear (more non-Newtonian) relationship

Table 3
Hyaluronic acid estimated molecular weight and concentration for each of the
tested products.

Product Measured MW (Da)
HyloForte 25M
HydraMed 0.8 M
Evolve HA 1.3 M
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between viscosity and sheer force (r? = 0.295) compared to HydraMed
(r*> = 0.485) and Evolve (r* = 0.521; Fig. 1).

3.3. Clinical testing

Dry eye symptoms improved rapidly with drop instillation and then
slowly declined with time (F = 12.460, p < 0.001), with all drops
following a similar profile (F = 0.814, p = 0.636; Fig. 2). While there
was no significant difference between a single application of the drops
(F =0.048, p = 0.953), the HMWHA (Hylo-Forte) drop was the only one
above baseline at the p < 0.001 level after 90 min.

Non-invasive breakup time improved rapidly following drop instil-
lation and then slowly declined with time (F = 7.182, p < 0.001), with
all drops following a similar profile (F = 1.472, p = 0.134; Fig. 3).
HydraMed was unable to maintain the initially improved tear stability
(F = 4.198, p = 0.021) and Hylo-Forte was the only artificial tear to
retain tear stability significantly above baseline at 30 min post instilla-
tion (p < 0.05).

Tear meniscus height increased rapidly following drop instillation
and then declined slowly with time (F = 18.643, p < 0.001) reaching a
plateau after 30 min, with Evolve having a reduced initial effect
compared to HydraMed and Hylo-Forte (interaction F = 4.045, p <
0.001, Fig. 4). Overall, there was no statistically significant difference
between the artificial tears (F = 1.875, p = 0.164).

Average bulbar redness was not significantly affected over time (F =
1.721, p = 0.120) with any of the artificial tears (F = 1.249, p = 0.296;
Fig. 5). However, the average redness grade at baseline was just 0.63 +
0.44.

4. Discussion

The purpose of this trial was to assess whether volume-matched
drops containing the same reported concentration (0.2 %) of hyal-
uronic acid, but with different molecular weights, and hence rheological
properties, vary in terms of their short-term impact on patient symp-
toms, tear measures or ocular redness. Previous studies have compared
drops containing different concentrations of hyaluronic acid [37,38].
Conversely, the premise of this study was to evaluate the effects of
molecular weight and hence rheology of hyaluronic acid, in formula-
tions of the same concentration. The hyaluronic acid molecular weights
have been reported as 950 kDa for HydraMed [33] and 1748 kDa for
Hylo-Forte [32], differing by 1.8 times. Measurement against hyaluronic
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Fig. 1. In-Vitro Rheology of each of the artificial tears tested three times. Error
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Fig. 2. Dry eye symptoms change compared to baseline over time with 0.2 %
hyaluronic acid-based artificial tears of different molecular weights. N = 25.
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Fig. 3. Non-invasive tear breakup time change compared to baseline over time
with 0.2 % hyaluronic acid-based artificial tears of different molecular weights.
N = 25. Error bars = +1 S.D. ** p < 0.01 and * p < 0.05 versus baseline.

acid-containing standards gave a similar order of molecular weights for
HydraMed (800 kDa) and Hylo-Forte (2500 kDa although the actual
values differed), with Evolve being more mid-range, at 1300 kDa.
Evolve, like Hylo-Forte, has 0.2 % hyaluronic acid as the only active
component, hence any difference in in-vitro rheology can be reasonably
attributed to the molecular weight of the hyaluronic acid. HydraMed
contains tamarind seed polysaccharide, which can exhibit non-
Newtonian sheer thinning behaviour [39], but other stated constitu-
ents such as sodium chloride [40] have low viscosity at room temper-
ature, so are unlikely to contribute to artificial tear rheology. Despite
this potential non-hyaluronic acid-based advantage, HydraMed still did
not perform as well as the higher molecular weight artificial tear.

The drop volume was roughly matched, to remove this as a con-
founding factor, although in clinical practice most of the drop volume is
wasted due to the limited storage capacity of the ocular surface and
surrounding anatomy [41] so a smaller drop will increase the time until
the product is used up, but should not affect efficacy. The molecular
weight of hyaluronic acid should be taken into account when comparing
different products as this was shown to significantly affect their in-vitro
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Fig. 5. Ocular redness change compared to baseline over time with 0.2 %
hyaluronic acid-based artificial tears of different molecular weights. N = 25.
Error bars = +1 S.D.

rheology — as had been shown previously with different hyaluronic acid
formulations [32] — and hence the viscosity in between (ideally high)
and during (ideally low) a blink (Fig. 1). Moreover, results of clinical
trials of similarly formulated artificial tears may not be directly com-
parable without knowing the molecular weight of hyaluronic acid con-
cerned [20].

With regard to the primary outcome measure of dry eye symptom
severity (VAS), the results demonstrated that whilst all of the study
drops reduced symptoms, only the HMWHA drop (Hylo-Forte) had a
statistically significant benefit at the > 0.001 alpha level after 90 min.
Secondary outcome measures were tear breakup time, tear volume, and
ocular redness. All three drops improved tear stability (tear breakup
time), however the HMWHA was the only drop to maintain tear stability
significantly above baseline after 30 min (p < 0.05). HydraMed per-
formed worst in this metric. For tear volume, there was no significant
difference between the drops; for a short-term assessment this could
have been affected by a range of aspects such as ocular irritation and the
drop size dispensed, so a longer-term dispensing study would be needed
to assess the true effect on tear volume at times longer after drop
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instillation. Likewise, there was no significant difference for ocular
redness, but as mentioned previously, this was low at baseline in the
study population.

As with other trials of artificial tears, all the study drops produced
improvements in the symptoms and signs of dry eye, with differences
between product formulations on a single application being relatively
small. This adds to the weight of evidence showing that artificial tears
are beneficial for the majority of patients with DED. Participants were
assessed at baseline and six times within 90 min after the treatment, and
this repeated testing could have disrupted the tear film, impacting the
ocular surface. Despite this, symptoms of dry eye were still reduced, and
tear stability was improved over this complete time-period, following
artificial tear instillation. As is common in dry eye, signs and symptoms
were not closely associated [42,43]. For example, in this study,
HydraMed performed considerably worse in terms of tear stability,
however it performed relatively well in terms of subjective dry eye
symptom reduction.

In the present study, participants received each drop only once;
however, even after just this single instillation, some significant differ-
ences were observed. The sample size was modest, and most participants
were young females, however this may have made the results more
comparable than had the study population been more heterogenous.
Future trials expanding upon this research would be useful, with a larger
sample size and repeated instillations of each drop over weeks or
months, followed by a washout period and repeat measurements with
other drops. Ideally this would take the form of a large, high-quality,
level-1, randomised controlled trial.

In conclusion, this study enhances our current understanding of how
molecular weight, and the resulting rheological differences, affect at
least the short-term clinical performance of artificial tear preparations.
This is important, because it fills a knowledge gap and has practical
applications in helping to inform prescribing decisions, which is bene-
ficial to eye care providers, medical and other prescribers, and not least
their patients. Higher molecular weight hyaluronic acid has rheological
properties similar to the natural tear film [44] and this study demon-
strates how this positively impacts its short-term clinical effectiveness
compared to its low molecular weight counterparts.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements and financial disclosures

This study was part supported by Scope, but was designed and
conducted independently.

References

[1] Bradley JL, Ozer Stillman I, Pivneva I, Guerin A, Evans AM, Dana R. Dry eye
disease ranking among common reasons for seeking eye care in a large US claims
database. Clin Ophthalmol (Auckland Nz) 2019;13:225-32.

[2] Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo C-K, et al. TFOS DEWS II
Definition and Classification Report. Ocul Surf 2017;15(3):276-83.

[3] Wolffsohn JS, Arita R, Chalmers R, Djalilian A, Dogru M, Dumbleton K, et al. TFOS
DEWS II Diagnostic Methodology report. Ocul Surf 2017;15(3):539-74.

[4] Jones L, Downie LE, Korb D, Benitez-del-Castillo JM, Dana R, Deng SX, et al. TFOS
DEWS II Management and Therapy Report. Ocul Surf 2017;15(3):575-628.

[5] Stapleton F, Alves M, Bunya VY, Jalbert I, Lekhanont K, Malet F, et al. TFOS DEWS
II Epidemiology Report. Ocul Surf 2017;15(3):334-65.

[6] LuoY, Yang W, Qi M, Wang Y, Li S, Wang M, et al. Annual direct economic burden
and influencing factors of dry eye disease in Central China. Ophthalmic Epidemiol
2021.

[7] McDonald M, Patel DA, Keith MS, Snedecor SJ. Economic and Humanistic Burden
of Dry Eye Disease in Europe, North America, and Asia: a Systematic Literature
Review. Ocul Surf 2016;14(2):144-67.

[8] Morthen MK, Magno MS, Utheim TP, Snieder H, Hammond CJ, Vehof J. The
physical and mental burden of dry eye disease: a large population-based study

7



D.A. Semp et al.

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

investigating the relationship with health-related quality of life and its
determinants. Value Health 2021;21:107-17.

Schiffman RM, Walt JG, Jacobsen G, Doyle JJ, Lebovics G, Sumner W. Utility
assessment among patients with dry eye disease. Ophthalmology 2003;110(7):
1412-9.

Pucker AD, Ng SM, Nichols JJ. Over the counter (OTC) artificial tear drops for dry
eye syndrome. Cochrane Database of Systematic Reviews (2) 2016.
Calvao-Santos G, Borges C, Nunes S, Salgado-Borges J, Duarte L. Efficacy of 3
different artificial tears for the treatment of dry eye in frequent computer users
and/or contact lens users. Eur J Ophthalmol 2011;21(5):538-44.

Simmons PA, Carlisle-Wilcox C, Vehige JG. Comparison of novel lipid-based eye
drops with aqueous eye drops for dry eye: a multicenter, randomized controlled
trial. Clin Ophthalmol 2015;9:657-64.

Craig JP, Muntz A, Wang MTM, Luensmann D, Tan J, Huarte ST, et al. Developing
evidence-based guidance for the treatment of dry eye disease with artificial tear
supplements: a six-month multicentre, double-masked randomised controlled trial.
Ocul Surf 2021;20:62-9.

Essa L, Laughton D, Wolffsohn JS. Can the optimum artificial tear treatment for dry
eye disease be predicted from presenting signs and symptoms? Cont Lens Anterior
Eye 2018;41(1):60-8.

Rah MJ. A review of hyaluronan and its ophthalmic applications. Optometry-
Journal of the American Optometric Association 2011;82(1):38-43.

Balazs E, Freeman M, Kloti R, Meyer-Schwickerath G, Regnault F, Sweeney D.
Hyaluronic acid and replacement of vitreous and aqueous humor. Mod Probl
Ophthalmol 1972;10:3-21.

Polack FM, McNiece M. The treatment of dry eyes with Na hyaluronate (Healon®).
Cornea 1982;1(2):133-6.

Carlson E, Kao WWY, Ogundele A. Impact of Hyaluronic Acid-Containing Artificial
Tear Products on Reepithelialization in an In Vivo Corneal Wound Model. J Ocul
Pharmacol Ther 2018;34(4):360-4.

Rangarajan R, Kraybill B, Ogundele A, Ketelson HA. Effects of a Hyaluronic Acid/
Hydroxypropyl Guar Artificial Tear solution on Protection. Recovery, and Lubricity
in Models of Corneal Epithelium, J Ocul Pharmacol Ther 2015;31(8):491-7.
Miiller-Lierheim WG. Why chain length of hyaluronan in eye drops matters.
Diagnostics 2020;10(8):511.

Cowman MK, Lee HG, Schwertfeger KL, McCarthy JB, Turley EA. The Content and
size of Hyaluronan in Biological Fluids and Tissues. Front Immunol 2015;6:261.
Stern R, Asari AA, Sugahara KN. Hyaluronan fragments: an information-rich
system. Eur J Cell Biol 2006;85(8):699-715.

Kojima T, Nagata T, Kudo H, Miiller-Lierheim WG, van Setten G-B, Dogru M, et al.
The effects of high molecular weight hyaluronic acid eye drop application in
environmental dry eye stress model mice. Int J Mol Sci 2020;21(10):3516.
Pauloin T, Dutot M, Warnet J-M, Rat P. In vitro modulation of preservative toxicity:
high molecular weight hyaluronan decreases apoptosis and oxidative stress
induced by benzalkonium chloride. Eur J Pharm Sci 2008;34(4-5):263-73.
Pauloin T, Dutot M, Joly F, Warnet J-M, Rat P. High molecular weight hyaluronan
decreases UVB-induced apoptosis and inflammation in human epithelial corneal
cells. Mol Vis 2009;15:577.

Wu CL, Chou HC, Li JM, Chen YW, Chen JH, Chen YH, et al. Hyaluronic acid-
dependent protection against alkali-burned human corneal cells. Electrophoresis
2013;34(3):388-96.

[27]

[28]
[29]

[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Contact Lens and Anterior Eye 49 (2026) 102568

Gomis A, Pawlak M, Balazs EA, Schmidt RF, Belmonte C. Effects of different
molecular weight elastoviscous hyaluronan solutions on articular nociceptive
afferents. Arthritis Rheumatism 2004;50(1):314-26.

Tiffany JM. The viscosity of human tears. Int Ophthalmol 1991;15(6):371-6.
Pisarcik M, Bako$ D, Ceppan M. Non-Newtonian properties of hyaluronic acid
aqueous solution. Colloids Surfaces a: Physicochemical Engineering Aspects 1995;
97(3):197-202.

Arshinoff SA, Hofmann I, Nae H. Role of rheology in tears and artificial tears.
Journal of Cataract Refractive Surgery 2021;47(5):655-61.

Semp DA, Beeson D, Sheppard AL, Dutta D, Wolffsohn JS. Artificial Tears: a
Systematic Review. Clin Optom (auckl) 2023;15:9-27.

Aragona P, Simmons PA, Wang H, Wang T. Physicochemical Properties of
Hyaluronic Acid-based Lubricant Eye Drops. Transl Vis Sci Technol 2019;8(6):2.
Uccello-Barretta G, Nazzi S, Zambito Y, Di Colo G, Balzano F, Sanso M. Synergistic
interaction between TS-polysaccharide and hyaluronic acid: implications in the
formulation of eye drops. Int J Pharm 2010;395(1-2):122-31.

Nguyen L, Lin X, Verma S, Puri S, Hascall V, Gesteira TF, et al. Characterization of
the Molecular Weight of Hyaluronan in Eye Products using a Novel Method of size
Exclusion High-pressure Liquid Chromatography. Transl Vis Sci Technol 2023;12
(4):13.

Sung J, Wang MT, Lee SH, Cheung IM, Ismail S, Sherwin T, et al. Randomized
double-masked trial of eyelid cleansing treatments for blepharitis. Ocul Surf 2018;
16(1):77-83.

Johnson ME, Murphy PJ, Boulton M. Carbomer and sodium hyaluronate eyedrops
for moderate dry eye treatment. Optom Vis Sci 2008;85(8):750-7.

Park Y, Song JS, Choi CY, Yoon KC, Lee HK, Kim HS. A Randomized Multicenter
Study Comparing 0.1%, 0.15%, and 0.3% Sodium Hyaluronate with 0.05%
Cyclosporine in the Treatment of Dry Eye. J Ocul Pharmacol Ther 2017;33(2):
66-72.

Johnson ME, Murphy PJ, Boulton M. Effectiveness of sodium hyaluronate eyedrops
in the treatment of dry eye. Graefes Arch Clin Exp Ophthalmol 2006;244(1):
109-12.

Shao H, Zhang H, Tian Y, Song Z, Lai PFH, Ai L. Composition and Rheological
Properties of Polysaccharide Extracted from Tamarind (Tamarindus indica L.) seed,
Molecules (Basel. Switzerland) 2019;24(7).

Zhang H. Viscosity and Density of Water + Sodium Chloride + Potassium Chloride
Solutions at 298.15 K. J Chem Eng Data 1996;41(3):516-20.

del Amo EM. Topical ophthalmic administration: can a drug instilled onto the
ocular surface exert an effect at the back of the eye? Front Drug Delivery 2022;2.
Sullivan BD, Crews LA, Messmer EM, Foulks GN, Nichols KK, Baenninger P, et al.
Correlations between commonly used objective signs and symptoms for the
diagnosis of dry eye disease: clinical implications. Acta Ophthalmol 2014;92(2):
161-6.

Begley CG, Chalmers RL, Abetz L, Venkataraman K, Mertzanis P, Caffery BA, et al.
The relationship between habitual patient-reported symptoms and clinical signs
among patients with dry eye of varying severity. Investigative Ophthalmology &
Vision Science 2003;44(11):4753-61.

Yokoi N, Yamada H, Mizukusa Y, Bron AJ, Tiffany JM, Kato T, et al. Rheology of
tear film lipid layer spread in normal and aqueous tear-deficient dry eyes. Invest
Ophthalmol Vis Sci 2008;49(12):5319-24.



