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Introduction

Macro bead formation based on polyelectrolyte
complexation between long-chain
polyphosphates and chitosant

*xab

Sajjad Fanaee® and Mark Joseph Filiaggi

Short chain polyphosphates (PP), mostly tripolyphosphates, have been extensively used in the literature
for ionic gelation of polycations or simple cations. However, the literature around the use of longer
chain polyphosphates is sparse. These longer chain PPs are of particular interest in biomedical
applications as they are present in the human body, playing different roles including facilitating blood
coagulation and bone formation. Here, we developed macro beads comprising longer PPs with a degree
of polymerization of 22 utilizing a polyelectrolyte complexation reaction with chitosan (CS).
A concentration of 15 mg mL~* was selected for both PP and CS solutions to produce the beads.
To improve the diffusion of PPs into CS droplets and promote the complexation reaction in the beads,
solution exchange following bead formation, injection size, sonication, and temperature were
considered, though none improved the complexation of the beads significantly. However, addition of
NaCl to the PP solution caused a significant change in the appearance of the beads and increased the P
content of the beads from approximately 2.5 wt% to 18 wt%. ATR-FTIR showed that this increase was
accompanied by the consumption of the protonated amine groups. Thermal analysis confirmed the
interaction between the components through a notable shift in the exotermic peak of CS dissociation
toward lower temperatures. Finally, the impact of curing time (5 min—-24 h) on complexation within the
beads was demonstrated using ICP, FTIR, and by visual observation. This work is one of the few studies
recruiting moderately long chain PPs in a polyelectrolyte complexation strategy for bead formation and
elucidates the significant factors affecting this interaction.

undergo complexation with negatively charged species.*®
A polysaccharide prepared by deacetylation of Chitin,*” CS is widely

Polyelectrolyte complexation is the process of phase separation
upon mixing two oppositely charged polyelectrolytes. The newly
formed polymer-rich phase is generally referred to as a “Poly-
electrolyte Complex” (PEC), and in the case where this phase
shows liquid-like properties, it can also be referred to as a
“Coacervate’’; the other polymer-poor phase is the supernatant.
In some studies, complexation has been considered a physical
crosslinking technique that offers improved compatibility and
lower toxicity than chemical crosslinking.'™

In general, a polycation and a polyanion are needed to
initiate complexation and form a PEC.* Chitosan (CS) can act
as a positive polymer (Polycation) under acidic conditions and
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used in biomedical devices®® since it offers a range of beneficial
properties including biodegradability,'® hemostasis,"""'* as well as
antibacterial'>** and even osteogenic'>'® properties. Structurally, CS
is comprised of two different units, N-acetylglucosamine and
glucosamine."”” The amine groups in deacetylated units (glucosa-
mines) can be protonated under acidic conditions at pH values
lower than 6.5, rendering CS a polycation.'®

Polyphosphates (PP), on the other hand, are interesting
inorganic polyanions providing negative charges when dissolved
in water.'®° PPs are made of phosphate units linked together by
bridging oxygen atoms.>’ PPs are regularly used as water soft-
ening agents in industry as they are able to chelate metallic
ions.”> However, long chain PPs also possess relevant biological
properties that can be beneficial in biomedical devices. Polypho-
sphates with 60-100 phosphate units in length are released by
activated platelets in the body and help in blood clotting by
playing different roles in the coagulation cascade.>® They also
serve as energy reservoirs in the extracellular matrix and assist
with hydroxyapatite deposition and bone mineralization.****

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Our group has extensively studied the ability of PPs to chelate
metal cations,'®**?**” but very little is known about the role PP
plays as a polyelectrolyte in PECs. The focus of the literature has
primarily been on Tripolyphosphates (TPP), very short PPs with
a degree of polymerization (D,) of 3. TPP (NasP;04,) acts
essentially as a simple anion and has been mainly used for
ionic gelation, especially in studies seeking to develop nano-
particles for drug and protein delivery.>?%4*

In 1989, Bodmeier et al.*® used TPPs for the first time to
produce macro beads of CS-TPP by dropping a CS solution
containing an antibiotic into a TPP solution. Subsequently, this
technique has been applied by other researchers to study the
loading and release of different drugs.’®>° However, there are
few studies involving complexation using longer PPs. For
example, Mi et al.>"** used PPs to make beads of CS-PP loaded
with an anticancer drug for drug delivery purposes. Using the
same technique of dripping the CS solution into the curing
solution (PP solution), they compared the drug release proper-
ties of these beads with CS-TPP beads and concluded that CS-
PP beads offered a steadier release profile in acidic conditions.
They also reported an almost even distribution of P from the
surface to the core for CS-TPP beads. In contrast, beads cured
in PP exhibited high P at the surface, with levels sharply
decreasing toward the center of the beads.’"*” Notably, no
details were provided regarding the degree of polymerization
of the PP used.

One of the parameters known to affect the complexation
process is the presence of a monovalent salt, which can generally
weaken the interaction between two oppositely charged polyelec-
trolytes. Theoretically, this effect is justified either by the “charge
screening” or “jon-pairing” model.>* Based on the charge screening
model, an atmosphere of salt ions is condensed around the
oppositely charged polyelectrolytes. This leads to the screening of
the charges on the polyelectrolytes such that the strength of the
electrostatic reaction between polyelectrolytes is reduced. In the ion-
pairing model, the monovalent ions generated by the salt are
assumed to form ionic bonds with their oppositely charged poly-
electrolytes. In this model, the bonds of polyelectrolyte - salt ion are
considered as extrinsic ion pairs, and the polycation—-polyanion
bonds are considered as intrinsic ion pairs. The fraction of extrinsic
bonds determines the strength and the physical properties of the
final complex. As this fraction tends to 1, the strength of the
interaction decreases and the two polyelectrolytes are only loosely
associated.”>°

In this study, we aimed to develop macro beads based on the
complexation between chitosan and PP (D,, 22). In this regard,
we studied the diffusion of PP molecules into the CS droplets
and the effect of temperature, sonication, beads size, salt
addition, and curing time on the diffusion and promotion of
the interaction between CS and PP. We report for the first time
a processing approach to facilitate the use of moderately long
chain PPs (D, 22, Na,,sP,,0¢;) in a controlled polyelectrolyte
complexation with chitosan. This novel work provides the basis
for future development of therapeutically loaded PP-CS macro-
beads for biomedical applications, while informing subsequent
studies to comprehensively understand the key drivers for

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

polyphosphate deployment in polyelectrolyte complexes with
relevant polycationic species such as chitosan.

Experimental
Materials and methods

Medium molecular weight CS with a deacetylation degree of
75-85% (Sigma) was used. Sodium polyphosphate with the
degree of polymerization of 22 and Na/P molar ratio of 1.07
was prepared as described in our previous work.”' Briefly, a
mixture of 120 g sodium phosphate monobasic monohydrate
(NaH,PO,4-H,0) and 3.28 g sodium carbonate (Na,CO;) was
melted at 900 °C for 4 h and quenched on a clean copper plate.
The prepared glass was then milled to a fine powder.

Beads of (A,B + C) — where A is the concentration of CS
solution (mg mL™"), B is the concentration of PP solution
(mg mL™"), and C is the concentration of NaCl salt (mM) in
PP solution - were produced by dripping the CS solutions of
different concentrations into the PP solutions of various con-
centrations (with or without salt). Here, CS solutions were
prepared by dissolution of the desired amounts of CS powder
in 1% acetic acid overnight, while PP solutions were prepared
in deionized water. For beads generated in the presence of salt,
the PP solutions were prepared by dissolving 300 mM NacCl in
deionized water prior to dissolving PP powder into the salt
solution.

A 3 mL syringe with a 16-gauge needle connected to a piece
of tubing placed at 2-3 cm from the PP solution surface was
used to deliver the CS solution using an automated injection
pump at a rate of 0.5 mL min~ !, while 10 mL of PP solution was
constantly agitating on a stirrer using a small stir bar at 100
rpm. The bead/precipitate formation was instantaneous. How-
ever, in order to provide enough reaction time, following
injection of the full CS volume, the beads/precipitates were
kept in the curing solutions (PP solutions with/without NaCl)
for 24 h (unless otherwise noted) with no stirring, then col-
lected and gently rinsed in 10 mL deionized water. The beads
were subsequently frozen and freeze dried overnight using a
Labconco® FreeZone®™ 2.5 Liter freezedryer.

For thermal analysis of the beads, Differential Scanning
Calorimetry and Thermal Gravity Analysis (DSC/TGA) were per-
formed using a STA 409 PC LUXX® thermal analyzer (Netzsch,
Germany) under nitrogen gas. Approximately 20 mg of each
sample was analyzed from 25 °C to 680 °C at the heating rate
of 10 °C min ™",

ATR-FTIR (Bruker Vertex 70) with 2 ecm™" resolution was
used to verify the presence of the two polyelectrolytes in the beads
and semi-quantitatively analyze the extent of complexation reaction
in them. The beads were crushed into powder before ATR-FTIR
analysis. The spectra were plotted from the wavenumber of 2600~
600 cm ! and analyzed by Origin® 2018.

P elemental analysis of the beads was obtained using an
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP)
(Optima™ 7300 V ICP-OES, PerkinElmer Instruments, USA).
Approximately 10 mg of the beads were dissolved in a 9 mL
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mixture of concentrated nitric acid and hydrochloric acid with a
volume ratio of 2/1. The solutions were diluted twenty-five times
and refrigerated until analyzed.

All statistical analyses were performed by GraphPad Prism
software using ¢ test (multiple ¢ test where needed), and the
statistical significance was reported for p < 0.05.

Results and discussion

Determining CS and PP concentrations for reproducible
formation of beads

To find the optimum concentrations of CS and PP solutions for
bead formation, a matrix was designed considering different
concentrations of each solution. A total of 20 samples was
prepared using CS concentrations of 1, 5, 15, and 30 mg mL ",
and PP concentrations of 1, 15, 50, 150, and 500 mg mL ", Fig. 1
shows all the prepared samples in their PP (curing) solutions.

At low CS concentration (1 mg mL™ "), no beads were formed
in any of the PP solutions; however, an opaque, flocculant-like
precipitate was observed at the surface. Several papers have
noted the concentration of polyelectrolytes as a significant
factor in polyelectrolyte complexation. For example it has been
reported that an increase in concentration of polyelectrolytes
causes formation of larger complex particles,*®>” an increase in
the rate of particle formation,”® and produces a greater amount
of complex overall.’® It has also been mentioned that at very low
concentrations of polyelectrolytes, no macroscopic flocculation
occurs.®

1 mg/mL

5 mg/mL 15 mg/mL 30 mg/mL

Fig.1 Concentration of CS (MMW) — concentration of PP matrix. (15,15)
beads, in yellow frame, where selected for further studies.
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At a CS concentration of 5 mg mL ™", the formation of a white
precipitate was seen with all concentrations of PP. However, at
lower PP concentrations (1, 15, and 50 mg mL '), complexation
was not sufficient to maintain the spherical form of the CS
droplets. At PP 150 mg mL™ ' some red blood cell-like beads
formed. Here, the interactions on the surface of the droplets
appeared sufficient to form a complex layer on the surface.
However, encapsulated unreacted CS likely diffused out, leading
to the observed surface collapse and distinct red blood cell
shapes. At PP 500 mg mL ™", the CS droplets were observed to
burst and spread on the surface upon contacting the PP solution
surface, likely the result of the high viscosity of the PP solution,
leading to the formation of thin precipitate layers floating on the
surface.

At higher CS concentrations more consistent bead for-
mation was obtained except at the low PP concentration. With
a PP of 15 mg mL™', regular spherical beads formed in the
solution although the beads were clear. This is interesting as
the complexation is usually accompanied by transition from
clear to opaque.®>®'™®* A similar result was obtained at a PP
concentration of 50 mg mL™'. For higher PP concentrations
(150 and 500 mg mL™") the interaction between CS and PP
molecules was robust so that opaque and white complexes
formed, though with no regularity in shape and size.

A similar trend was noted for the highest CS concentration
30 mg mL~'. However, the CS droplets were not spherical
exiting the tubing attached to the syringe, forming a narrow
tail likely due to the high viscosity of the CS solution. Note that
CS concentrations higher than 30 mg mL™' could not be
obtained due to solubility limits.

Based on these observations (15,15) beads were selected for
further studies, as these concentrations consistently produced
uniform spherical beads. Subsequent processing optimization
focused on ways to improve the diffusion of PP molecules into
the beads and facilitate the CS-PP interaction for complete
complexation of the beads from the core to the bead surface.

Attempts to improve the diffusion of PP molecules into the
beads

For these additional processing studies, it was assumed in the
first instance that opacity in the beads would be proxy evidence of
interaction between CS and PP. This assumption is supported by
reports from others noting a transition between transparent to
opaque or low turbidity to high turbidity (in case of direct mixing
of polyelectrolytes) upon polyelectrolyte complexation,®"***>
However, our selected (15,15) beads were clear and gel-like; even
when gently squeezed, they burst and a clear solution of likely
unreacted CS was expelled. It was speculated here that upon
contact between CS droplets and the PP solution, a surface
reaction layer (complex) forms that maintains the spherical shape
of the droplet and prevents loss of CS. However, this reaction
layer also hinders the diffusion of PP molecules toward the
droplet’s center and subsequent complexation in interior of the
beads (Fig. 2a and b). To qualitatively justify this assumption,
(15,15) beads were produced using a TPP (Sigma) solution
instead of PP with D, of 22 (Fig. 2c). In this case, the beads were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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‘/ Complexed
b |
Fig. 2 (15,15) beads (a) and the schematic illustrating the complex layer

on the surface for (15,15) beads (b). (15,15TPP) beads (c) and the schematic
illustrating full complexation of the beads (d).

fully spherical, white, and opaque. Since the TPP molecules are
small, they can quickly diffuse in and complex the beads from
the surface to the core of the bead (Fig. 2d). This is not the case
for (15,15) beads made with PP of D, 22, with mobility and
diffusion likely made more difficult by the larger size of these PP
molecules.

A study by Mi et al.”" verified this assumption. Here, Energy
Dispersive X-Ray analysis (EDX) on cross-sections of their
CS-polyphosphoric acid beads showed that the P signal was
strong at the bead surface but sharply decreased towards the
centre of the bead. In contrast, the P profile of their CS-TPP beads
in cross-section showed significantly less variation through the
beads. Mi et al. concluded that CS-polyphosphoric acid inter-
action depends on the diffusion of PP molecules through the
complex membrane.>

To promote the diffusion of PP molecules toward the center of
the beads and form complexed beads with large PPs (D, 22), we
examined the effect of curing solution exchange post bead for-
mation, temperature, sonication, needle size, and salt addition.

Solution exchange post bead formation

To enhance the PP concentration gradient between the surface
and core following (15,15) bead formation, the initial 15 mg mL "
PP solution was replaced with higher PP concentrations (e.g.,
500 mg mL "). The results showed that the beads turned to
irregular complexed beads similar to what was observed from
direct injection of CS solution into high concentration PP solu-
tions (compare Fig. 3 with Fig. 1). This experiment was also
repeated for PP 150 mg mL ", yielding the same results (data
not shown). When the solution is exchanged and the beads are
introduced to a highly concentrated PP solution, the difference in
chemical potential of CS inside and outside of the droplets
increases and the CS chains tend to exit their droplets. At the
same time, the highly concentrated PP solution causes strong
complexion of the surface of the CS droplets which in turn causes
tension and shrinkage of the surface skin/layer. We believe that
the synergistic effect of these phenomena breaks the outer
complex layer locally and some of the unreacted CS solution is
extruded. Thus, the final product is not fully spherical.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (15,15) after 15 min from formation (a), after 24 h being in PP
500 mg mL~! (b), and after 24 h being in PP 500 mg mL™! out of the
solution (c).

Needle size

In another effort to increase the flux of PP molecules toward the
center of the beads, the center-surface distance (bead radius)
was decreased by using a dispensing needle with a smaller
inner diameter (30-gauge; 0.16 mm) rather than the 16-gauge
needles (1.19 mm) deployed previously. Overall, (15,15) beads
prepared using the 30-gauge needle were smaller (<1 mm vs.
~3 mm) and notably more opaque, suggesting an improve-
ment in the diffusion of PP molecules and more CS-PP inter-
action due to a higher concentration gradient (smaller radius).
However, these beads were not fully spherical and had irregular
shapes (Fig. 4a).

Sonication

Sonication was deployed to increase the mobility of PPs by
virtue of the ultrasound energy generated. In this approach, the
beaker containing the curing solution and the beads formed
following CS addition was quickly moved to a sonication bath.
Fig. 4b shows the beads after 1 h of sonication. Local cyclic
stresses applied to the beads during sonication likely resulted
in micro-tears on the surface of the beads leading to further
reactions with the inner CS solution and some complex forma-
tions appearing like “blisters”” on the surface. Thus, sonication
was abandoned as a means of improving diffusion and prepar-
ing uniformly complexed beads.

Temperature

In order to increase the mobility and enhance the diffusion of
PP molecules toward the center of the beads, we increased
the PP solution temperature from room temperature to 37 °C.

Fig. 4 (15,15) beads prepared using a 30-gage needle (a). (15,15) beads
after 1 h sonication (b).

Mater. Adv., 2023, 4,1678-1686 | 1681
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Fig. 5 (15,15) beads prepared at 37° (left), and room temperature (right).
The respective inset images show the beads outside of their solutions.

After 24 h, the beads prepared and maintained at 37 °C were
smaller in size (2 mm vs. 3 mm), less transparent, and settled at
the bottom of the beaker, implying that the density had
increased (Fig. 5). This settling out of beads over time was
observed previously for beads formed using TPP solutions.
Both beads at room temperature and 37 °C were soft and gel-
like, although those prepared at 37 °C were more resistant to
deformation, possibly due to the formation of a slightly thicker
complexed layer on the surface. Overall, although increased
temperature made a difference in the physical properties and
appearance of the beads, the beads were still relatively trans-
parent and released a clear unreacted CS solution when gently
squeezed. Further characterization (P content) was not pursued
given the relatively minor impact of this processing variable.

Salt addition

The approaches above did not significantly improve the diffusion
of PP and the complexation reaction inside the beads. A subse-
quent review of the PEC literature suggested that the presence of a
monovalent salt in the complexation process might help to
promote the CS-PP interaction.>*®"**"%® The addition of salt leads
to charge screening, reduces the strength of the reaction,>>°
lowers the reaction rate,”® and helps the reaction avoid any kinetic
traps and better achieve an equilibrium state.®®

To incorporate salt, PP solutions were prepared by first
dissolving NaCl in water (300 mM) and then adding the desired
amounts of PP powder. In early experiments a NaCl con-
centration of 150 mM (equal to the concentration of NaCl in
blood serum) was attempted; however, the beads prepared with
these PPs were inconsistent and not overly reproducible. For
subsequent studies a higher salt concentration of 300 mM was
selected. The result of salt addition is shown in Fig. 6. While
(15,15) beads were clear, (15,15 + 300) beads showed a
substantially more opaque and white appearance. Unlike the
other approaches mentioned above, the beads maintained their
regular spherical form. Further characterization of the (15,15 +
300) beads in comparison to (15,15) beads was carried out to
better substantiate the appearance of more complete complexa-
tion of these beads with salt addition.

1682 | Mater. Adv, 2023, 4,1678-1686
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Fig. 6 (15,15) beads (a), and (15,15 + 300) beads (b). The inset image on
(b) shows an individual bead outside of the solution.

The impact of salt on CS-PP interactions was assessed using
DSC/TGA, with CS powder serving as a control (Fig. 7). Key
results from the DSC/TGA analysis are summarized in Table 1.
All the samples showed an endothermic peak at around 100 °C,
associated with a small weight decrease (3-6%) in TGA due to
evaporation of residual water.”®””> An exothermic peak is seen
for all the samples between 240-320 °C. This peak is related to
dissociation and decomposition of CS.*>”® In comparison with
CS powder, the exothermic peak of (15,15 + 300) is shifted
considerably toward lower temperatures (246 °C vs. 313 °C).
This phenomenon has been reported in other studies and has
been interpreted as a sign of CS complexation.*®”%”>”* Beads
prepared with TPP also showed a noticeable peak shift. These
beads had shown a significant opacity (Fig. 2c) as one sign of
complexation; here, the peak shift also verifies the relation
between change in optical properties and complexation.
It is worth noting that for (15,15) beads, this shift was small

DSC /(pV/mg)
i exo CS Powd
5 20 1519
(15,15+300)
(15,157pPP)
-1.0
100 200 300 400 500 600
Temperature /"C
b TG %
CS Powd:
1% as19) o ——
(15,15+300)
90 (15,15TPP)
80
70
60
50
40
30
100 200 300 400 500 600
Temperature /°C
Fig. 7 DSC spectra (a), and TGA diagrams (b) of different samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the DSC/TGA data. The weight loss was analysed by TGA and the exothermic/endothermic peaks were determined by DSC

Endothermic Weight loss (%) at Exothermic Weight loss (%) Total weight loss (%) at the
Sample peak (°C) endothermic peak peak (°C) at exothermic peak highest temperature (680 °C)
CS powder 96 4 313 34 65
(15,15) 89 5.5 292 40 70
(15,15 + 300) 88 3 246 16 40
(15,15TPP) 96 2.7 262 21 47

(11 degrees compared to the exothermic peak of CS), and these
beads exhibited almost the same weight loss % as CS. This
similar thermal behavior to CS suggests that the more trans-
parent (15,15) beads are mostly unreacted CS solution. The
reason behind this peak shift (decrease in thermal stability) is
unknown. However, it could be due to the transition from a
semi-crystalline structure for CS into an amorphous state for
(15,15 + 300) complexed beads” (Fig. S1, ESI{). The residual
amount was higher for the beads prepared in the presence of
salt as the portion of inorganic components — NaCl and PP - is
higher in these beads.

To further verify an increased level of complexation in
(15,15 + 300) beads compared to clear (15,15) beads, ATR-FTIR
was conducted. Fig. 8 shows the spectra of a freeze-dried CS
solution (15 mg mL™ "), PP powder (D, = 22), and beads of (15,15),
and (15,15 + 300) from 2600 cm " to 600 cm . Freeze-dried
CS solution showed a broad absorption between 3500 and
3000 cm ™' corresponding to a stretching vibration mode of
N-H (overlapped with the O-H stretching vibration mode),**”*
a peak at 2870 cm ' assigned to C-H stretching,”® a peak at
1420 cm™ " corresponding to bending vibration of O-H,*® a peak
at 1376 cm™ " related to C-CH3,”® an absorption band at 1150 cm ™"
for antisymmetric stretching of the C-O-C bridge due to sac-
charide structure,”®’” additional absorption bands at 1060 cm ™"
and 1026 cm ™" attributed to skeletal vibrations involving the C-O
stretching,”®”” and a peak at 893 cm™ ' due to the CS pyranose
rings.”” Most importantly, protonated CS has two peaks at
around 1530 em™" and 1630 cm™" related to N-H bending in

2.0

1250 -~ N

El -1 >
1830 cm’ 1530 cm A

e =

(15150200 i

3 (15.15) L :
o 10 _\h_m_/‘/\/x : :
§ P : /J\\A/v
| Freeze-dried CM_\\ /\/ ,
054 i : :
PP
0.0 Artinnar
T T T T
2500 2000 1500 1000

Wavenumber (cm')

Fig. 8 ATR-FTIR spectra of freeze-dried CS solution (15 mg mL™%), PP
powder (D, = 22), and beads of (15,15), and (15,15 + 300) from 2600 cm™*
to 600 cm ™. Note the relative height of the peak at 1530 cm™* compared
to the peak at 1630 cm ™ in these different samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry

protonated amine groups and C=O stretching in acetyl groups,
respectively.”>”*””® The absorbance ratio of these two peaks, Ay /
Ac—o, can be used to semi-quantitatively compare the extent of
the complexation reaction in the samples. During complexation,
the protonated amine groups are consumed and react with
charged groups on the polyphosphates, while C—=0O groups do
not participate in the reaction. Correspondingly, as more com-
plexation takes place, this ratio decreases.”” Here, this ratio for
the freeze-dried CS sample was 2.4 + 0.01 compared to 1.8 +
0.3 for (15,15) beads and 1.0 £+ 0.02 for (15,15 + 300) beads,
respectively, indicating that the presence of salt facilitated com-
plexation in (15,15 + 300) beads compared to the beads prepared
without salt (15,15). This change in the ratio is seen in Fig. 8. For
freeze-dried CS the peak at 1530 cm ™ is significantly higher than
1630 cm™ ", while for (15,15) and (15,15 + 300) the difference in
height of these two peaks is lower. The ratio was also calculated
for (15,15TPP) beads to be 1.27 + 0.04 (data not shown). These
numbers are comparable with those reported by Silvestro et al.
for their freeze-dried CS or CS-TPP scaffolds prepared after
8 hours of curing, with Ay, /Ac—o values of 2.02 and 0.94,
respectively.”> Among the related peaks for PP, the two peaks at
865 cm ! attributed to P-O-P stretching and 1250 cm ™" assigned
to antisymmetric stretching vibration of the bridging PO2 are
usually used to determine the presence of PP in the samples.”®*°
These peaks are present in the spectra of the beads and verify the
presence of PP (Fig. 8).

The impact of salt on the phosphate content in the beads, a
reflection of polyphosphate diffusion and complexation, was
also studied by ICP. It was observed that the beads formed in
the presence of NaCl had around 18 wt% P, while this number
was only about 2.5 wt% for beads with no NaCl, suggesting that
the presence of the salt had significantly facilitated the diffusion
of PP molecules into the beads (Fig. 9). This finding is in good
agreement with our DSC/TGA and FTIR data.

Effect of time on complexation of the beads

One potential application under consideration for these CS-PP
beads is therapeutic delivery. However, the 24 h curing time
deployed in these processing studies may result in the loss of
drug to the PP solution during this extended residency time in
the solution. Crucial for this application, then, is to have a
sufficiently low curing time to mitigate any potential drug loss
while still ensuring PP diffusion and complexation with the CS
bead. Here, the effect of curing time was studied for (15,15 +
300) beads by visual observation, ICP, and ATR-FTIR after
30 sec, 1 min, 5 min, 15 min, 30 min, 1 h, 2 h, and 24 h in
PP solution (Fig. 10). It was observed that from 30 sec to 24 h,
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Fig. 9 Effect of salt addition on diffusion o PP molecules into the beads
measured using ICP.

the beads turned from transparent to white and opaque
(Fig. 10a), a sign of diffusion of PPs and complexation with
CS. However, little change in the visual appearance of the beads
was noted after 30 minutes. ICP analyses further revealed that
by increasing the curing time, the P wt% in the beads followed
an overall ascending trend, increasing from around 8 wt% at
5 min to almost 18 wt% at 24 h (Fig. 10b). A #test comparison
of each group with the 24 h group showed that the P content
in 5 min and 15 min was significantly lower than after 24 h
(p < 0.05). However, at higher end of the curing time the P
content more closely matched that observed after 24 h. Mi
et al.” noted a similar significant effect of curing time on P
content in CS-PP beads (unknown Dy,), with minimal impact on
P content seen in CS-TPP beads, likely due to the higher
diffusion capacity of these much smaller TPP molecules.

ICP data suggest that for drug loading purposes, CS droplets
can be cured for less than 24 h to mitigate any potential drug
loss, with curing times as low as 2 h yielding almost the same P
content as 24 h. However, final curing time should be selected
with consideration to its potential impact on other factors, such

View Article Online
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as final handling properties, therapeutic release profile, and
degradation rate.

These findings were further substantiated by ATR-FTIR
analyses of the samples to semi-quantitatively show the effect
of curing time on the complexation by assessing the ratio of
absorbance at around 1530 cm™ " to the absorbance at around
1630 cm ™! (Anm,/Ac—o) for beads cured for different times
(n = 3). An overall trend of declining ratios (indicative of more
complexation) with increasing curing time was observed, with
average Anu,/Ac—o Of 1.17 and 1.03 noted for 5 min and 24 h,
respectively (Fig. 10c). Silvestro et al.”> also have reported a
similar effect of reaction time on the Ay /Ac—o for CS scaffolds
crosslinked in TTP solution, showing that at each CS and TPP
concentration, this ratio decreases as crosslinking time
increases from 2 h to 8 h.

Conclusions

Monovalent salt (NaCl) additions and curing time were shown
to be significant factors in facilitating complexation of CS and PP
for macrobead formation. This was in contrast to other processing
parameters, including temperature and bead diameter reduction,
that produced no significant impact on complexation for these
longer PP chains. However, there may be value in utilizing these
parameters in conjunction with other more impactful approaches
(e.g, salt addition). Addition of 300 mM Nacl to the PP solution
was demonstrated to facilitate the diffusion of PP molecules into
the CS droplets, with increased opacity indicative of greater
complexation within the bead. This interaction was confirmed
by thermal, structural, and chemical analysis using DSC/TGA,
FTIR, and ICP, respectively. Notably, increased P content as shown
by ICP along with an overall decrease in the Axy /Ac—o indicated
that the presence of PP in the beads was not just the result of
physical absorption, but was accompanied by chemical interaction

a 30 sec 1 min 5 min 15 min
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Fig. 10 Pictures of (15,15 + 300) beads after 30 sec, 1 min, 5 min, 15 min, 30 min, 1 h, 2 h, and 24 h (a). P content of the beads measured using ICP (b).
(ANHZ/ACZO) calculated from ATR-FTIR spectra of the beads (c). Asterisks indicate significant differences with 24 h curing time (p < 0.05).
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(complexation) with amine groups. Moving forward, this proces-
sing strategy could provide a viable approach to complexing larger
PP chains of biological relevance with polycations for biomedical
applications.
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