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Alginate and gelatin are bio-polymers widely used in drug delivery. A range of salts can be used to achieve the
required flexibility in biomaterial design. Hofmeister series gives an idea about the behaviour of salts with
proteins. However, its application for the design of biomaterials and their specific effect on high-viscosity

gtﬁ:ﬁe polymers and polymer mixtures has not quite been explored. Firstly, this work proposes a strategic
Interactions interaction-based approach for designing a dual-drug ocular biomaterial. Secondly, the impact of different salt

anions on gelatin and alginate mixture for the developed protocols is studied by a proposed method of deter-
mining shear-dependent general intrinsic viscosity. Thirdly, shear-dependent intrinsic viscosity is used to
determine the interaction amongst the polymers in their mixture, which is then correlated to the release profiles
and hydrodynamic radii of polymer mixtures. It is observed that Hofmeister anions behave reversely for high-
viscosity negatively charged polymers and depends on the charge densities of the anions. For the poly-
electrolyte/polyampholyte complex/mixture, the interactions depend on the addition sequence. It is inferred that
the kosmotropes are preferred for protocols where salt is added between gelatin and alginate and chaotropes for

protocols where salt is added to the gelatin and alginate complex/mixture in terms of release profiles.

1. Introduction

Polymer-based ophthalmic formulations are a novel approach that
has been considered in recent times. Chitosan, gellan gum, gelatin, PEG,
and Carbopol are some of the polymers that have grabbed the attention
of researchers. These formulations result in systemic absorption of the
drugs to the site of action, thus reducing the side effects with slow and
extended release and increasing the bioavailability [1].

Alginate is a natural, biocompatible, and biodegradable poly-
saccharide. It forms an in-situ gel in the presence of divalent ions (Ca%"
and Mg?") in the tear fluid [2]. Alginate-based hydrogel beads [3,4],
microspheres [5,6], and nanoparticles [7,8] have been investigated to
prepare drug delivery vehicles. However, there are few pieces of liter-
ature available for ophthalmic formulations. Moreen et al. prepared an
in-situ gel using a combination of gum extracted from Terminalia arjuna
bark resin and alginate for the ophthalmic delivery of moxifloxacin HCl
[9]. Another in-situ gel was prepared using a mixture of chitosan and
sodium alginate for the ocular delivery of levofloxacin [10]. Liu et al.
prepared alginate and HPMC-based formulation for the ophthalmic de-
livery of gatifloxacin [11]. Gelrite and alginate mixture can also be used
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to prepare an ion-activated in-situ gelling vehicle to deliver matrine
[12]. Séchoy et al. prepared another formulation using alginate to
deliver carteolol [13]. Another alginate [14] and a combination of
Pluronic F-127 and alginate [15]-based formulations were developed for
the ocular delivery of pilocarpine.

Salts are used for inducing the screening of charges on polymer
backbones. Screening these charges leads to reducing the viscosity of the
formulations to the required limit (60-65 cP at the ocular surface tem-
perature). These salts have different interactions based on their hydra-
tion properties. The Hofmeister series categorises different anions and
cations according to their protein precipitation ability.

There have been different applications of the Hofmeister series. One
such application is to design thermally reversible microgels of poly(N-
Isopropylacrylamide) [16]. The effect is also studied on thermo-
responsive poly (propylene oxide) [17] and the self-organization of 1-
decyl-3-methylimidazolium chloride [18]. Another work shows an
application of these anions on the micellization and micellar growth of
the surfactant cetylpyridinium chloride [19]. Another study shows the
Hofmeister effects on the Thermoresponsive behavior of poly(3-
methylene-2-pyrrolidone) derivatives [20]. The chaotropic and
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kosmotropic effect on the swelling and compressive elasticity is also
evaluated for N-(alkyl)acrylamide-based semi-IPN hybrid gels rein-
forced with silica nanoparticles [21]. There also have been different
research on the effect of salts in polymer brushes [22-28]. However, to
the best of our knowledge, no literature has shown an application of the
Hofmeister anions in drug release studies analogous to their interactions
on the polymer chains. Several choices of salt also allow certain flexi-
bility in designing biomaterial for a targeted application. This article
tries to fill this void in the literature along with the development of a
dual drug anti-glaucoma formulation.

The Hofmeister anion series (near the isoelectric point) is as follows:
CO32™ > Citrate3~ > S03~ > $,02~ > H,PO; > CH3CO0~ >F > CI” >
Br~ >NO; >1I" > ClO; > SCN". The anions before Cl~ are known as
kosmotropes and after C1~ are known as chaotropes. The kosmotropes
promote protein aggregation, reducing its solubility and the opposite
effect is true for chaotropes [29-35]. The interaction of kosmotropic
anions with water is higher than chaotropes due to their higher hydro-
dynamic radii (Ry). The chaotropic anions can interact with the amide
bonds of the proteins, whereas the kosmotropes get repelled by the
peptide backbones [36-39]. This series’s full or partial reversal is seen
with the change of surface charge from negative to positive with the
change in pH [40,41].

The present article concentrates on the interactions of the different
anions with the gelatin and alginate system while developing a dual
drug anti-glaucoma alginate-based formulation using interactions study
as a strategic approach for its design. The interactions are defined in
terms of the changes in the hydrodynamic radius (Ry), zeta potential and
viscosity with the sequential addition of the formulation components.
An increase in Ry with the addition of a component infers its ability to
diffuse inside the chains, thus, resulting in a better release. A decrease
shows the inability to diffuse, resulting in an inferior release. The zeta
potential provides an idea about the overall charge of the ionic system.
For positively charged systems, the reduction in zeta potential relates to
the screening of the charges in polymers resulting in the collapse of
chains, whereas an increase in zeta potential relates to an increased
repulsion resulting in chain expansion. For negatively charged systems,
the reduction in zeta potential relates to an increased negative charge
and thus repulsions inferring the expansion in the chains. An increase in
zeta infers the screening of the charges in polymers resulting in the
collapse of chains. The viscosity gives another aspect of determining the
collapse of chains (decrease in viscosity) and expansion of chains (in-
crease in viscosity due to entanglement of polymer chains). The aim of
this work is threefold. Firstly, it focuses on the above interactions be-
tween the different constituents of the formulation for the designing of a
gelatin and alginate-based biomaterial for the ocular delivery of timolol
maleate and latanoprost which is taken as a model system for this study.
NaCl is taken as a basis for this study to design four protocols for
developing the biomaterial. Secondly, two kosmotropes (NazSOjs,
CH3COONa) and two chaotropes (NaCl and NaNOs) and their effect on
the four developed protocols are selected for this study to conclude their
effect on the biomaterial design and gelatin & alginate complex/
mixture. The drug release profiles for these salts are also compared with
three release kinetic models (zero order model, first order model and
Higuchi model) to provide a better explanation. The constituents for the
formulations are also well within the FDA-approved components. The
article also proposes a methodology to study the variation in shear-
dependent general intrinsic viscosity to determine the interactions
amongst the polymers in the mixture with the addition of different salts
(for developed formulation protocols). It is correlated with the changes
in Ry, thus giving another perspective for the interactions amongst the
polymers in the mixture with different salts, which further helps explain
the drug release profiles. This work also sheds light on the variation in
the Hofmeister series for a high-viscosity negatively charged poly-
electrolyte (alginate) and the polyampholyte and polyelectrolyte
mixture (gelatin and alginate). Finally, the interactions of these anions
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with the high viscosity negatively charged polyelectrolyte is also
discussed.

2. Experimental section
2.1. Materials

High-viscosity sodium alginate and § - cyclodextrin was purchased
from Alfa Aeser. Gelatin was purchased from Sigma Aldrich. NaCl was
purchased from SRL chemicals. Timolol maleate and latanoprost were
acquired from TCI chemicals.

2.2. Fabrication of dual drug formulations

Gelatin (1 % w/v) was dispersed in water at 40 °C under continuous
stirring for 30 mins to ensure complete dissolution. The solution was
then cooled to room temperature. Based on the different methodologies,
either salt (1% w/v) or timolol maleate (1.65 mg/mL) was added. So-
dium alginate (0.4% w/v) was added to the solution and stirred for 30
min, followed by 30 min of ultrasonication. p-cyclodextrin (0.2 % w/v)
was then added to the mixture, followed by latanoprost (1.5 ug/mL) and
0.2% w/v sodium alginate. NaOH was then added to increase the pH of
the formulation to the physiological level. Different protocols were
designed by varying the sequence of NaOH and salt. The different pro-
tocols considered for the preparation of the formulations are discussed
in section 3.

2.3. Measurement of hydrodynamic radius (Rg)

The polymer solutions are a type of colloidal solutions which exhibits
Brownian motion. The light scattered from a suspension of Brownian
motion exhibits intensity fluctuations. These fluctuations are related to
the diffusivity of the Brownian particles, which is further related to the
size of the particles by Stoke-Einstein’s equation. The intensity auto
correlation function is used to relate these time scale fluctuations of
Brownian motion which is as follows [42]:

GY =< I(0)I(t+1) > @

where, I(t) is the scattered light intensity and 7 is the delay between
two time points.
The normalized light intensity ACF (g52> ) and the normalized electric

field ACF (gi")) are related by Siegert relation as

g? = 1+pg"[’ )
where, f is the coherence factor.
Now, the electric field ACF is expressed as

gV = exp(—I7) 3)
Where, I is the decay constant and,

= Dig’ “

where Dr is the translational diffusion coefficient and q is the scat-
tering vector.
Now,

g = 14pe" (5)
which can be substituted as
g = 14 pe e )

which is the correlation function and connects the particle motion
with the measured fluctuations. The obtained Dt can be used to measure
the hydrodynamic radius (Ryg) by relating it with Stoke-Einstein’s
equation, i.e.,
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Fig. 1. Interactions between timolol maleate, latanoprost and polymers and alginate, cyclodextrin and latanoprost a) Changes in RH, zeta potential and viscosity
with the addition of timolol maleate to gelatin solution, b) Changes in RH, zeta potential and viscosity with the addition of latanoprost to gelatin solution, ¢) Changes
in RH, zeta potential and viscosity with the addition of timolol maleate to alginate solution, d) Changes in RH, zeta potential and viscosity with the addition of
latanoprost to alginate solution, e) Changes in RH, zeta potential and viscosity with the addition of - cyclodextrin followed by latanoprost to alginate solution, f) a

rough schematic of the interactions of f- cyclodextrin, alginate and latanoprost.

kT

= Swbr )

Ry

where k is the Boltzmann constant, T is temperature, 1) is the viscosity
measured using a rheometer, Dt is the diffusion coefficient measured
using the particle size analyzer dynamic light scattering: particle size
analyzer (Beckman Coulter Delsa Nano C), and Ry is the hydrodynamic
radius. The studies were conducted at 25 °C. All the measurements were
performed in triplicates.

2.4. Measurement of zeta potential

The zeta potential of the samples was measured on a dynamic light
scattering: zeta potential analyzer (Beckman Coulter Delsa Nano C). The
studies were conducted at 25 °C. All measurements were performed in
triplicates.

2.5. Rheology studies

The viscosity studies were conducted on a rheometer (Anton Paar,
MCR 92). The viscosity of the samples was measured at 25 °C. A shear
rate of 100/s was considered for the viscosity studies. All measurements
were performed in triplicates.

2.6. Fourier transform infrared spectroscopy/Attenuated total reflectance
(FTIR-ATR)

The FTIR-ATR analysis of the liquid samples was performed using
Bruker Tensor 37, MIRacle Single Reflection Horizontal ATR accessory.
The spectral range was collected between 600 and 4000 cm™! with a
spectral resolution of 4 cm™'. 256 scans were performed to ensure the
reproducibility of the data. Water was taken as background for the
analysis.

2.7. In-vitro drug release studies

The in-vitro release studies were conducted at 34 °C (Ocular surface

temperature). 180 pL of the formulation was placed in a dialysis mem-
brane, which was placed in 9 mL of simulated tear fluid (STF). 3 mL
aliquots were collected at regular intervals and replaced with equal
amounts of fresh STF. The drugs were analyzed by the method devel-
oped by Walash et al.[43] and Maulvi et al.[44]. Malvern OmniSec
system fitted with a degasser and a Discovery HS C18 column (250 mm
X 4.6 mm, 5 pm) was used for the analysis. The mobile phase of 10 mM
PBS and acetonitrile (50:50) was selected with a flow rate of 1 mL/min
with a run time of 5 mins (found suitable for the separation after trying
different concentrations and flow rates). An injection volume of 50 pL
was selected. The collected drug aliquots were diluted with acetonitrile
to the final ratio of 50:50 STF (with drug) and acetonitrile before
analysis. The column oven and detector oven temperature were kept at
30 C. The drug was analyzed using the UV detector in the system at 295
nm (for timolol) and 215 nm (for latanoprost).

2.8. Drug release kinetic models

2.8.1. Zero order model

The zero-order release kinetics can be defined by Q; = Q¢ + Kot,
where, Q¢ is the drug released at time t, Qo is the initial amount of drug in
the release medium (=0) and K is the zero-order release constant. The
cumulative amount of drug released is plotted vs time and slope of the
plot is given by Kp.

2.8.2. First order model

The first-order release kinetics can be defined by fo = -Kc, where, C is
the concentration of drug remaining in the biomaterial, t is the time and
K is the first order release constant. This can be further expressed as log
C = log Cp — Kt/2.303, where, Cy is the initial drug concentration in the
biomaterial. The data are plotted as log of cumulative percentage of drug
remaining vs time and slope of the plot gives -K/2.303.

2.8.3. Higuchi model
The Higuchi model is defined as Q = Ky x t,l/ 2 where, Q is the drug
release at time t, and ky is the Higuchi dissolution constant. The data
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Fig. 2. Effect of the sequence of salt addition on interactions between gelatin, timolol maleate and NaCl. a) Changes in RH, zeta potential, and viscosity with the
addition of timolol maleate followed by NaCl to gelatin solution, b) Changes in RH, zeta potential and viscosity with the addition of NaCl followed by timolol maleate
to gelatin solution, c)A rough schematic of the interactions between timolol maleate and gelatin, d) A rough schematic of the interactions between timolol maleate,
gelatin and NaCl, e) A rough schematic of the interactions between NaCl and gelatin, f) A rough schematic of the interactions between NaCl, gelatin and timolol

maleate, g) Sequence of mixing components taken into consideration.

obtained are plotted as the cumulative release drug vs square root of t.
The slope of this plot gives the value of Kj,.

3. Results and discussions
3.1. Protocol development

Timolol maleate and latanoprost have a therapeutic action time of
around 12 and 18 h, respectively. Hence, it would be beneficial to
enhance timolol’s action time more than latanoprost. Thus, timolol
maleate needs to be loaded into the formulation early, providing an
additional layer of the polymer resulting in more diffusion resistance
and a delayed release.

Gelatin is a small chain (low viscosity) polymer compared to alginate
in this study. It would be advantageous to include alginate after the
addition of gelatin. A better drug release was reported for formulations
where low-viscosity polymer was added before the high-viscosity poly-
mer|[45].

The alginate concentration was considered based on the viscosity of
the formulations. Supplementary table T1 shows the viscosity of the
formulations with 1% NaCl, 1% gelatin, 0.2% p-cyclodextrin, 1.65 mg/
mL of timolol maleate and 1.5 ug/mL of latanoprost with varying algi-
nate concentration. 0.6% of alginate was considered for designing the
formulations as the viscosity was around 65 cP for the formulations
(permissible viscosity of ophthalmic formulations) at 34 °C.

Fig. 1 (a) and (b) show the interactions between the individual
polymers and timolol maleate. Timolol maleate is a maleic acid salt of
timolol. Timolol has a secondary amide; thus, it is a positively charged
drug molecule below its pKa of 9.76. Its addition at solution pH (gelatin
solution: 5.3 + 0.5 and alginate solution: 4.1 + 0.5) reduces Ry and
viscosity of gelatin and alginate due to their charge screening by the
maleic acid counter ions leading to the collapse of the chains inferring its
inability to diffuse inside the chains. The isoelectric point of gelatin is at
pH 8.1 (zeta potential at pH 8.1 = 0.06 + 0.05 mV). Since gelatin and
alginate are dissolved in DI water (pH = 6.8 £ 0.5), thus, positive
charges for gelatin (higher zeta potential) are reported. Alginate is a
negatively charged polyelectrolyte; thus, negative zeta potential is re-
ported for alginate. The reduction and increase in zeta potential for
gelatin and alginate infer the decrease in the number of charges due to
screening.

Fig. 1 (c) and (d) show the interactions between the individual
polymers and latanoprost. Latanoprost is a neutral molecule. Hence, its
addition to gelatin and alginate shows no change in zeta potential,
respectively. However, a decrease in Ry is reported inferring its inability
to diffuse inside the polymer chains. Since alginate does not have hy-
drophobic sites for the attachment of latanoprost (hydrophobic mole-
cule), p — cyclodextrin can be used to encapsulate it. Cyclodextrins have
a hydrophilic outer wall and a hydrophobic inner wall [46]. The addi-
tion of cyclodextrin to alginate leads to the increase in Ry, inferring its
ability to diffuse inside alginate chains.
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Fig. 3. Effect of the sequence of NaOH addition on interactions between gelatin, timolol maleate and NaOH. a) Changes in RH, zeta potential and viscosity with the
addition of timolol maleate followed by NaOH to gelatin solution, b) Changes in RH, zeta potential and viscosity with the addition of NaOH followed by timolol
maleate to gelatin solution, c) protocols taken into consideration for the formulation design.

A subsequent increase in Ry is reported with the further addition of
latanoprost which infers that it can get diffused inside the alginate
chains due to the addition of cyclodextrin (Fig. 1 (e)). The hydrophilic
ends of cyclodextrins get attached to alginate chains, and the latanoprost
gets attached to the hydrophobic, as shown in Fig. 1(f). Figure S1 shows
the FTIR bands for alginate, alginate + latanoprost, and Figure S2 shows
the FTIR bands for alginate, alginate + cyclodextrin, and alginate +
cyclodextrin + latanoprost. The addition of latanoprost to alginate
shows almost no change in the absorbance of the bands, thus justifying
that latanoprost cannot interact with the chains (Figure S1). However,
when cyclodextrin is added to alginate leads to an increase in the
absorbance in N-H/O-H coupled band, thus, inferring an increase in H-
bonds. It also shows an increase in CH, bands’ absorbance, the favour-
able interaction of alginate and cyclodextrin. The addition of latanoprost
shows a reduction in absorbance except for the N-H/O-H coupled band
which shows an increase in absorbance, thus inferring that latanoprost
could diffuse inside the chains and interact with the alginate and
cyclodextrin (Figure S2). If latanoprost could not interact and diffuse, it
should have shown no change in the absorbance of the bands as seen in
Figure S1.

Fig. 2 (a) shows the effect of NaCl on gelatin and timolol maleate
mixture on the Ry, zeta potential and viscosity. The addition of timolol
maleate leads to screening some of the positive charges on the gelatin.
The further addition of NaCl leads to the further reduction in Ry, zeta
potential and viscosity due to screening of the remaining repulsive
(positive) charges, allowing the timolol molecules to get entrapped in-
side the chains with the collapsed gelatin chains forming a shell around
the drug molecules as shown in Fig. 2 (c) and (d).

Another possibility is the addition of timolol maleate to the gelatin
and salt mixture. For this case, the addition of NaCl shows a reduction in
Ry, zeta potential and viscosity of gelatin solution due to screening of
the charges (Fig. 2(b)). An increase in Ry with the addition of timolol
maleate is reported, which infers the expansion of the gelatin chains and
hence, results in the drug molecules getting diffused inside the chains (as
there are no repulsive forces available in gelatin chains hindering the
timolol maleate diffusion) as shown in Fig. 2(e) and (f)).

The trial protocols (Fig. 2 (g) and interactions for these protocols

shown in Figure S3) were developed based on the above-discussed in-
teractions of salt, polymers, drugs and cyclodextrin. The addition of salt
after timolol maleate will lead to the encapsulation of the drug within
the gelatin chains due to the collapse of chains (with the addition of
salt), which will provide extra diffusional resistance to the drug (Trial
Protocol 1). The addition of timolol maleate after salt will lead to the
progression of the drug inside the gelatin chains as the positive charges
on gelatin chains are already screened, and hence, there are no re-
pulsions for the positively charged drug molecules along with the
screening of attractive charges from the maleic acid molecules. Thus, the
drug molecules will get encapsulated within the gelatin chains (Trial
Protocol 2). NaOH is added to increase the pH of the formulations to the
physiological level. These protocols showed a sustained release of
timolol maleate and latanoprost for 240 mins and 30 mins, respectively.
A burst release for latanoprost was reported since latanoprost was added
at the end of these protocols. Therefore, 0.6% alginate is divided into
0.4% and 0.2%, and the latter is added to the formulation after adding
latanoprost, which provides an extra alginate layer (thus, a diffusional
resistance) to latanoprost.

Protocols 1 and 2 are modified versions of the trial protocols (Fig. 3
(c)). However, NaOH is added at the end of these protocols, thus, leading
to the alginate chains to an expanded state. To overcome this, NaOH
could be added at an earlier stage. The NaOH required to increase the
final formulation’s pH to the physiological level when added to the
gelatin, and the gelatin & timolol maleate mixture increases their pH to
8.2. The addition of NaOH after timolol maleate led to further collapse of
chains, similar to when NaCl was added after timolol maleate (Fig. 3
(a)). The addition of timolol maleate after NaOH addition to gelatin
leads to the screening of attractive forces and thus expansion of the
chains, similar to when NaCl was added to the gelatin solution followed
by timolol maleate (Fig. 3(b)). Hence, protocols 3 and 4 were prepared
following the same rationale as protocols 1 and 2 (Fig. 3 (c)). The in-
teractions for these protocols are shown in Figure S4.

In summary, based on the above discussions, the four protocols are
designed to study the impact of different salts on this biomaterial. The
salts are added in between gelatin and alginate for protocols 1 and 2
while, for protocols 3 and 4, it is added to the gelatin and alginate
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Fig. 4. Drug release and interactions of different salts for protocols 1 and 2. a) Drug release profiles for timolol maleate for protocol 1, b) Drug release profiles for
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with the %D for the same, g) Variation in Ry with different salts for gelatin, h) A rough schematic for the interactions of chaotropes with gelatin, i) A rough schematic

for the interactions of kosmotropes with gelatin.

mixture to analyze the impact of the sequence of addition. Hence, based
on the sequence, the salts will first interact with the gelatin (poly-
ampholyte) for protocols 1 and 2 and the subsequent addition of alginate
to the solution will show the impact of alginate to the polyampholyte
salt solution. For protocols 3 and 4, the impact of the salts on the
mixture/complex of gelatin and alginate is shown.

3.2. Interactions of different salts

The interactions can be discussed using the intrinsic viscosities,
which will provide another perspective on the interactions of the
developed protocols, which can be used to correlate to the release pro-
files and Ry.

The intrinsic viscosity of the polymer solutions can be determined by
the Huggins equation, which is as follows [47]

My

=[]+ ka )" ®

where, 7, is the specific viscosity = #,4-1, ¢ is the concentration of
the polymer and [5] is the intrinsic viscosity. The relative viscosity of the
polymer solutions should lie between 1.2 and 2.5 [48]. The intrinsic
viscosity is usually calculated at zero shear rate using capillary vis-
cometers. However, for non-Newtonian high molecular weight

Table 1
R? and release constant values for different models for Protocol 1.
Protocol 1
Salt Zero-order model First-order model Higuchi model
Ko R2 K R? Kn R?
NayS04 0.3549 0.8466 0.0127 0.997 6.0477 0.9827
CH3COONa 0.3607 0.809 0.0136 0.9922 6.2439 0.9695
NaCl 0.3663 0.7931 0.0159 0.99 6.3795 0.9619
NaNO3 0.3642 0.8192 0.0173 0.9862 6.2769 0.973
Table 2
R? and release constant values for different models for Protocol 2.
Protocol 2
Salt Zero-order model First-order model Higuchi model
Ko R? K R? Kp R?
NaySO04 0.3216 0.8753 0.00689 0.8938 5.4531 0.9843
CH3COONa 0.3307 0.8566 0.00785 0.9006 5.6541 0.9796
NaCl 0.333 0.8368 0.00806 0.8176 5.742 0.9712
NaNO3 0.3387 0.8342 0.00875 0.8595 5.8437 0.9712
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schematic for the interactions of kosmotropes with alginate.

polymers, intrinsic viscosity is a function of shear rate [49]. Thus, a
shear-dependent intrinsic viscosity can be easily calculated using a
rheometer [50,51]. The intrinsic viscosity is calculated from the inter-
cept by extrapolating the plot between ”7“’ and c to zero concentration.
However, this leads to a limitation of the vanishing polymer concen-
tration in the evaluation of viscosity data. To overcome this, a gener-
alized intrinsic viscosity is defined as [52]

_ Oiny,,
== 9)

Taking into consideration the above discussion, for non-Newtonian
fluids, shear-dependent generalized intrinsic viscosity (SDGIV) for
high-viscosity polymer solutions, which can be calculated using a
rheometer (equation 10), can be defined as.

SDGIV () = %(at a particular shear rate) (10).

Ideally, for polymer blends or mixtures, intrinsic viscosity is calcu-
lated as [53,54]

[145] = walny] + waln,] an

where, [17,5] is the intrinsic viscosity of the polymer mixture, wp is the
weight fraction of polymer A, wg is the weight fraction of polymer B, [17,]
is the intrinsic viscosity of polymer A and [yj] is the intrinsic viscosity of
polymer B. Equation (11) is valid with the assumption that there is no
overlapping between the chains of the two polymers. However, this is
not always true for polymer blends or mixtures [52].

However, the actual SDGIV for polymer blend/mixture

~ dlnp,,
(Map) = — "

%, (at a particular shear rate and Cg) # (1],p)

12)

due to the overlapping of chains. The deviation from additivity is
typically interpreted as highly favourable thermodynamic interactions
between the polymer chains [52]. We define the deviation (%) from the
additivity as

aD — (13) = (lag)

Nap

x 100 13)

(1145) is evaluated for different salts in the interaction developed
protocols by adding the polymers, salt and NaOH (as these components
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affect the charges on the polymer system) in the same sequence as per
the protocols keeping the alginate concentration constant at 0.6% and
varying the concentration of gelatin from 0.2 to 1% and at 100 s~ shear
rate (also checked at 50 s land 25 s’l). It was calculated from the slope
of the plot between Iny,,; and Ca (Polymer A: gelatin) (equation (12)).
(174) for gelatin is calculated from the slope of the plot between In,, and
Ca by varying the concentration of gelatin. (1) for alginate is calculated
from the slope of the plot between In#,,; and Cg by varying the con-
centration of alginate (Polymer B). (17, ) is calculated from equation (11)
and the deviation was calculated using equation (13). The higher %D
infers more favourable thermodynamic interactions.

Fig. 4 (a), (b), (c) and (d) show the drug release profiles for protocols
1 and 2 with different salts. NaSO4 shows a better profile than other
salts in the case of timolol maleate. The profiles for the latanoprost show
no change for different salts as the latanoprost is added to the formu-
lations after adding the salts. The quantification for the latanoprost for
NaNOs3 loaded formulation was not possible as NaNO3 also shows the
peak as of latanoprost at 215 nm.

According to the Hofmeister series, the protein precipitation ability
(at the isoelectric point) will follow as SO%‘ > CH3CO0~ > Cl” > NO;3.
At isoelectric point, the addition of chaotropes lead to the screening of
positive and negative attractive forces of proteins. The chaotropes have
lower Ry and thus, they can easily diffuse inside the protein chains when
compared to kosmotropes. Thus, the chaotropes lead to higher Ry of
proteins. The kosmotropes interacts less with protein chains as they are
repelled by the amide backbones leading to collapse. Hence, the reverse
of the trend is true in terms of the size of the protein/polymer, i.e.,
SO3~ < CH3CO0~ < CI” < NOj as the chaotropes (CI” and NO3) can
interact with the protein chains leading to its expansion and kosmo-
tropes (SO‘Z( and CH3COO™) are unable to interact with the chains
leading to their collapse. As discussed above, a partial or total reversal of
this series occurs when positive charges are present on the polymer
backbone. For positively charged polymer, the electrostatic repulsions
will be screened with the addition of salts. The chaotropic anions would
be easily able to diffuse inside the chains leading to more screening and
thus will follow the reverse trend as SO~ > CH3;CO0~ > CI” > NOj in
terms of Ry of polymer.

For protocols 1 and 2, the salts are added to positively charged
gelatin chains. Hence, gelatin with SO3~ shows the highest Ry and fol-
lows the same trend of Hoffmeister series reversal for a positively
charged system (Fig. 4(g)). Since, SO;~ is unable to interact with the
gelatin chains due to the higher hydrodynamic radius of the anion (ry);
screening of positively charged gelatin chains is less compared to the
chaotropic anions, as shown in Fig. 4 (i). Chaotropes having less anion ry,
can diffuse inside the chains resulting in the screening of the repulsions
and, thus, a collapse in gelatin chains (Fig. 4 (h)). Now, after the addi-
tion of alginate, a reversal in Ry is reported (Fig. 4 (e)). Interestingly, a
higher %D and lesser (77,5) at 100 s ! shear rate is also reported in the
case of SO3~ which infers more favourable interactions between gelatin
and alginate. The same trend for (7,5) is followed for 50 s~* and 25 s~}
shear rates.

Since for SO%, the positive charges of gelatin are not screened; thus,
the addition of negatively charged alginate leads to more charged in-
teractions between the polymers. Hence, the drug release profiles for
formulations prepared by protocols 1 and 2 having Na;SO4 show a better
release profile than other salts because of increased interactions be-
tween the polymers. However, CH3COONa, NaCl and NaNO3 show the
same release profile for timolol maleate (almost similar Ry values for
gelatin and alginate mixture (Fig. 4 (e)) along with almost similar (7,5)
and %D (Fig. 4 (D)).

Thus, from the release profile, it can be inferred that, at a particular
time, the least drug is released from the formulation containing SO3~
and thus, following the series asSO?{ < CH3COO™ =~ CI”
~ NOjanalogous to the Ry and (7,z) for the gelatin and alginate
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mixture. The single-factor ANOVA analysis of the data for the effect of
different salt on time required for 90% release of timolol maleate for
protocols 1 and 2 with 95% confidence implies an effect of salt on the
drug release. However, when considering the salts except Na;SO4 shows
no effect on the drug release, thus statistically defining CH3COO~ ~ Cl~
~ NOj . No effect of salts on the latanoprost release time is also implied
(Supplementary table T2).

The following Tables 1 and 2 shows the R? values for the data fitting
with the actual data and the value of the release kinetic constants for
protocols 1 and 2 respectively.

From the tables, it is evident that, for SO%’ the R? values are higher
which essentially means, that, the release data fitting is better for SO~
when compared to others. Hence, the drug release profile for SO3~ is
better when compared to other salts and thus, explaining the series as
SO%~ < CH3CO0™ ~ CI” =~ NOj in terms of drug release.

Fig. 5 (a), (b), (c), and (d) shows the drug release profiles for pro-
tocols 3 and 4. Protocols 1 and 2 show inferior release results for both
drugs compared to protocols 3 and 4. For protocols 3 and 4, salt is added
after alginate, leading to the collapse of alginate chains, thus explaining
a better release than protocols 1 and 2, where alginate chains were
relatively open. NaOH is also added at the end for protocols 1 and 2,
resulting in the opening of the alginate chains which thus explains the
inferior results for the latanoprost profile compared to protocols 3 and 4.

The two-way ANOVA analysis to study the impact on the protocols
and different salt on the drug release infers that different salts have no
effect on the drug release for both drugs. However, a significant effect is
inferred for the protocol variation for both drugs (Supplementary table
T3).

For protocols 3 & 4, the drug release follows the series as SO3~ ~
CH3COO~ > ClI” = NOj. Thus, the chaotropes show a better release
profile for this case. Salt is added after alginate for these cases. Now,
ideally, for a negatively charged molecule, the anions will follow the
actual Hoffmeister series, i.e., SO?{ < CH3CO0™ < ClI" < NOj3. Since the
chaotropes can diffuse inside the chains, they can provide some re-
pulsions and, thus, causing in an expanded state of the chains when
compared with kosmotropes which are unable to diffuse inside chains
due to their higher 1, as shown in the case of gelatin at pH 10 (nega-
tively charged) in Figure S5.

However, in the case of alginate, this is not observed. The reversal of
the series is observed for alginate (Fig. 5(g)). This may be due to the
higher viscosity of the alginate solution. The electrostatic interactions of
salt cannot overcome the viscous barrier of alginate chains; thus, the
chaotropes and kosmotropes cannot diffuse inside the chains.

For understanding the reversal, the charge density of the ions needs
to be considered. Table 3 shows the charge densities of the hydrated
anions, which were calculated by modifying the ionic charge density
equation by replacing the ionic charge radius with the Ry of the anions

ne
c= < (14)
%ﬂl’h}

where C is the charge density in C/mm?, n is the ion charge, e is the
electron charge (1.6 x 1072°C), and ry, is the anion hydrodynamic radius
in mm calculated from the Stoke-Einstein equation.

Table 3
Calculated charge densities of hydrated anions.

Anions Diffusivity (0.10° m%/  ry, (0.101° Charge density (C/
s) m) mm?®)

SO%’ 1.060 2.57 4.5

CH3COO~ 1.089 2.50 2.4

cr 1.730 1.58 9.68

NO3 1.903 1.43 13.06
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The charge densities of the chaotropes are much higher than the
kosmotropes. Thus, when the chaotropes cannot diffuse inside the
chains, they will provide more repulsions to the alginate chains than
kosmotropes. Thus, a slightly lower Ry of alginate is reported for the
chaotropes when compared to kosmotropes (Fig. 5 (g) and schematics in
Fig. 5 (h) and (i)). Hence, it can be inferred that, for negatively charged
high-viscosity polymer systems, a Hofmeister reversal occurs which is
also related with the charge densities of the anions. The same trend in Ry
and (7j,5) at 100 s~! shear rate of gelatin and alginate mixture is
observed for protocols 3 and 4 (Fig. 5 (e) and (f)). The same trend for
(f4p) is followed for 50 s! and 25 s~ ! shear rates. The %D is higher for
the chaotropes, thus inferring more favourable interactions between
alginate and gelatin and thus explaining a better release result for NaCl
and NaNOj Hence, the drug release follows the series as SO?{ =
CH3COO~ > ClI” = NO3; which is analogous to the Ry and (i,5) for the
gelatin and alginate mixture. The single-factor ANOVA analysis of the
data for the effect of different salt on time required for 90% release of
timolol maleate for protocols 3 and 4 with 95% confidence implies an
effect of salt on the drug release. However, when considering the effect
of NaySO4 and CH3COONa shows no effect on the drug release, thus
statistically defining SO~ ~ CH3COO~. Similarly, NaCl and NaNOs;
show no effect on the drug release, thus statistically defining CI” ~ NO3
No effect of salts on the latanoprost release time is also implied (Sup-
plementary table T2).

Tables 4 and 5 shows the R? values for the data fitting with the actual
data and the value of the release kinetic constants for protocols 3 and 4
respectively.

From the tables, it is also evident that, for SO?[ and CH3COO™ the R?
values are lower than CI” and NO; which essentially means, that, the
drug release profile for CI” and NOj is a better fit. The R values of SO~
and CH3COO™ are comparable as well as CI” and NO; are also compa-
rable and hence, explaining the series as SO2~ ~ CH;COO~ > Cl” ~
NOj in terms of drug release.
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4. Conclusion

Studying the properties and interactions can lead to a strategic
formulation design used to design a dual drug alginate-based anti-
glaucoma formulation. The drug release profiles with different salt an-
ions can be interrelated to the Hofmeister interaction of the salts with
polymer chains. However, the Hofmeister interaction is different for the
case of polymer mixture and hence, needs to be studied to get an idea of
the same. The Hofmeister reversal is also true for a negatively charged
high-viscosity polyelectrolyte. It can also be concluded that the in-
teractions of the polymers with different salt vary with addition se-
quences. Finally, a strategic method was developed to determine the
interactions amongst the polymers in the polymer mixture in terms of
shear-dependent general intrinsic viscosity ((77,5)), which follows the
same trend as the Ry of the mixture and the drug release profiles. The
prepared protocols 3 and 4 showed a better release for chaotropes, and
protocols 1 and 2 showed a better profile for kosmotropes. Protocols 3
and 4 show a better release result when compared among the protocols.
The Hofmeister interaction for protocols 1 and 2 follows the trend as
SO%~ < CH3CO00™ = Cl” ~ NOj3 and protocols 3 and 4 follow the trend
as SO~ ~ CH3CO0~ > CI” =~ NOj in terms of drug release profiles,
hydrodynamic radius and shear-dependent general intrinsic viscosity.
Hence, for protocols 1 and 2 when the salt is added in between gelatin
and alginate, the kosmotropes should be preferred for a better release
profile whereas for protocols 3 and 4 when the salt is added to the
gelatin and alginate mixture, the chaotropes should be preferred for a
better release. This scientific endeavour can be adopted as a generic
guideline for any biomaterial developed to reduce trial-and-error at-
tempts and have enhanced control of the performance of the same. The
same interaction-based approach was used to finally develop alginate
and gelatin-based formulation for the ocular delivery of the anti-
glaucoma dual drug, which was taken as a model system.
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