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Abstract. Design and synthesis of nanostructured responsive gels have attracted increasing
attention, particularly in the biomedical domain. Polymer chain configurations and nanodomain
sizes within the network can be used to steer their functions as drug carriers. Here, a catalyst free
facile one-step synthesis strategy is reported for the design of pH-responsive gels and controlled
structures in nanoscale. Transparent and impurity free gels were directly synthesized from
trivinylphosphine oxide (TVPO) and cyclic secondary diamine monomers via Michael addition
polymerization under mild conditions. NMR analysis confirmed the consumption of all TVPO and
the absence of side products, thereby eliminating post purification steps. The small angle X-ray
scattering (SAXS) elucidates the nanoscale structural features in gels, i.e., it demonstrates the
presence of collapsed nanodomains within gel networks and it was possible to tune the size of
these domains by varying the amine monomers and the nature of the solvent. The fabricated gels
demonstrate structure tunability via solvent-polymer interactions and pH specific drug release
behavior. Three different anionic dyes (Acid Blue 80, Acid Blue 90 and Fluorescein) of varying
size and chemistry were incorporated into the hydrogel as model drugs and their release behavior
was studied. Compared to in acidic pH, a higher and faster release of Acid Blue 80 and Fluorescein
was observed at pH 10, possibly due to their increased solubility in alkaline pH. In addition, their
release kinetics in phosphate buffered saline (PBS) and simulated body fluid (SBF) matrix was
positively influenced by the ionic interaction with positively charged metal ions. In the case of
hydrogel containing Acid blue 90 a very low drug release (<1%) was observed which is due to the
reaction of its accessible free amino group with the vinyl groups of the TVPO. In vitro evaluation
of the prepared hydrogel using human dermal fibroblasts indicates no cytotoxic effects, warranting
further research for biomedical applications. Our strategy of such gel synthesis lays the basis for

the design of other gel-based functional materials.
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1. Introduction

Design of gels with controlled nanostructures and response to external stimuli such as pH,'*
temperature,”© light’, ionic strength®, enzyme!®, chemical!' and combinations of these'! has
received increasing attention for applications in biomedical, smart actuators and material
sciences.!>!8 Smart gels can be synthesized from polymers via noncovalent crosslinking!® or
covalent crosslinking.?? Even though noncovalent gels have a better response time in many
applications, covalently crosslinked controlled synthesis is preferred due to the enhanced
mechanical properties of gels.?!-2> However, the drawback of such gels is the presence of residual
monomers, crosslinkers, or catalysts which impose further complications, i.e., sophisticated post
purification steps particularly needed when biomaterials design and the living tissues are
involved.> ?* Moreover, uncontrolled crosslinking can result in non-reproducible optical and
mechanical properties.> 23 Reaction mechanisms like Diels-Alder and Michael addition reaction
having site-specific reactivity and thermal sensitivity can be alternative synthetic strategies in such
situations to achieve cleaner gels with tunable structures and functions.?*?8 Wei et al. highlighted
the usefulness of Diels-Alder reaction to prepare hydrogels from poly(ethylene glycol) dienophile
and polymeric diene.?-2”- 2 More recently, Wang et al. synthesized antimicrobial hydrogels by
incorporating antimicrobial poly-carbonate chains by Michael addition reaction.?®. In most cases
where Michael addition reaction has been used to synthesize gels, a catalyst has been used and
their removal from final product is not addressed. 3°-3¢ Additionally, gels prepared by these means
also involve multiple steps of post-modification and purification.!®- 374! Developing gelators with
site-specific reactivity is essential to eliminate multiple intermediate steps and achieve cleaner
gels. The nanoscale architectural features, e.g., the chain configurations and network homogeneity,

induce varying diffusion rates for the loaded drugs in gels.*> Therefore, the tunable network
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structures offer new opportunities for fabrication of polymer gels with drug delivery

applications.*-43

Herein we report a new single-step strategy for the synthesis of clean and transparent gels with
tunable nanoscale network structure. Catalyst free Michael addition reactions between vinyl
groups of trivinylphosphine oxide (TVPO) and diamines were conducted (Figure la) under a
controlled solvent-polymer interaction. A pH-responsive hydrogel was designed by an appropriate
selection of diamine backbones leading to a controlled drug release behavior. Compared to the
reactant monomers alone, a reduced cytotoxic effect was demonstrated for the developed hydrogel.
This underlines that a high purity and complete gelation has been achieved in a one-step synthesis.
Thus, the synthesized gels show a great potential as a drug carrier and can be used in other

biomedical applications.

2. Experimental Section

2.1. Materials and Methods

Phosphoryl trichloride, vinyl magnesium bromide (1M in THF), dry THF, 1,6-dibromohexane,
1,10-dibromodecane, 1,3-di(piperidin-4-yl)propane, piperazine, piperidine, tert-butyl piperazine-
1-carboxylate (1), cyanuric chloride (6), Acid blue 90, Acid blue 80 and Fluorescein were obtained
from Aldrich and used as received unless otherwise stated. The compounds trivinylphosphine
oxide (TVPO),% 1,6-di(piperazin-1-yl)hexane (3),*” 1,10-di(piperazin-1-yl)decane (5)* were
synthesized via modified procedures (SI section S2) and 2,4,6-tri(piperazin-1-yl)-1,3,5-triazine

(8)* was synthesized using procedure as described in the literature.
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2.2. NMR analysis

The 'H, 13C and 3'P NMR spectra and the 'H, 13C 2D correlation experiments were recorded using
the Bruker standard pulse programs on a 5 mm CryoProbe™ Prodigy probe equipped with z-
gradient applying 90° pulse lengths of 11.4 us ("H), 10.0 us (13C) and 16.0 pus (*'P) on a Bruker
AV-III 400 NMR spectrometer (Bruker Biospin AG, Féllanden, Switzerland). '"H NMR data are
reported as follows: chemical shift, numbers of protons contributing to the signal intensity,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartets, m = multiplet, br = broad), coupling
constants (J in Hz) and assignment to chemical structure. For 13C NMR data multiplicities s =
quaternary carbon, d = CH, t = CH,, and ¢ = CHj3 are shown. The 3'P NMR chemical shifts were
referenced to an external sample with neat (phosphoric acid) H;POy at 0.0 ppm. 'H and 3C NMR
chemical shifts were referenced to the residual solvent signals at 7.26 and 77.0 ppm for (deuterated
chloroform) CDCl;, 4.79 for (deuterium oxide) D,O and 3.31 and 49.0 ppm for (deuterated
methanol) CD;0D, respectively. The 3C NMR data in D,O solution was referenced to an external
sample of 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TMSP) at 0.0 ppm. Gels were
analyzed by using “gel-phase-NMR,” by synthesizing them directly in deuterated solvents in NMR

tubes. Interpretation of all gels was performed via 1D and 2D NMR spectroscopy.

2.3. Synthesis of hydrogel (Gel-A)

A mixture of TVPO (64.0 mg, 0.50 mmol) and piperazine (64.6 mg, 0.75mmol) in water (2.5 mL)
was taken in a glass vial and sealed. The vial was then transferred to an oven preheated at 60 °C
for 1h, affording Gel-A (transparent hydrogel). 'H NMR (400.2 MHz, D,0) 6 (ppm): 2.79 (m, H-

a); 2.63 (m, H-B1, B2); 2.49 (m (br), H-b, ¢); 2.09 (m, H-a). 3*C NMR (100.6 MHz, D,0) 8 (ppm):
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52.1 (t, C-b); 51.1 (t, C-c); 49.7 & 49.1 (t, C-B1, P2); 43.9 (t, C-a); 23.7 (dd, Jp = ca. 63 Hz, C-a

[-CHD-]). *'P NMR (162.0 MHz, D,0) & (ppm): 54.5-55.1.

Synthesis of tris(2-(piperidin-1-yl)ethyl)phosphine oxide (9)

A mixture of TVPO (64.0 mg, 0.50 mmol) and piperidine (127.7 mg, 1.5 mmol) were added to
methanol (2.5 mL) present in a glass pressure tube (Ace pressure tube, bushing type, back seal,
volume ~15 mL, L x O.D. 10.2 cm %X 25.4 mm) in heating blocks.. The resulting mixture was
stirred at 50 °C for 2 hours; the solvent was evaporated and the residue dried under vacuum to
afford compound 9 with 98% (189 mg) yield. 'H NMR (400.2 MHz, CD;0D) & (ppm): 2.65 (m,
6H, H-B); 2.48 (m (br), 12H, H-a); 2.10 (m, 6H, H-a); 1.62 (m, 12H, H-b); 1.49 (m, 6H, H-c). 13C
NMR (100.6 MHz, CD;0D) 6 (ppm): 55.1 (t, C-a); 52.2 (t, C-B); 26.7 (t, C-b); 26.5 (td, Jcp = 64.7

Hz, C-a); 25.2 (t, C-c). 3'P NMR (162.0 MHz, CD;0D) § (ppm): 52.1.

Synthesis of tris(2-(piperidin-1-yl)ethyl)phosphine oxide (9-D) in CD;0D.

In a NMR glass tube a mixture of TVPO (12.8 mg, 0.1 mmol) and piperidine (29.8 mg, 0.35 mmol)
were added to CD3;OD (0.7 mL). The resulting mixture was hated at 50 °C in pre-heated oven for

2 hours and NMR data recorded without any further workup.

'H NMR (400.2 MHz, CD;0D) 6 (ppm): 2.75 (m, 4H, H-a of piperidine); 2.65 (m, 6H, H-B); 2.48
(m (br), 12H, H-a); 2.10 (m, 6H, H-a [-CH,-]); 2.07 (m, 3H, H-a [-CHD-]); 1.7-1.6 (m, 6H, H-b,c
of piperidine); 1.62 (m, 12H, H-b); 1.49 (m, 6H, H-c). *C NMR (100.6 MHz, CD;0D) 6 (ppm):
55.1 (t, C-a); 52.2 (t, C-B); 47.6 (t, C-a of piperidine); 27.4 (t, C-b of piperidine); 26.7 (t, C-b);
26.5 (td, Jcp = 64.6 Hz, C-a [-CH,-]); 26.2 (dd, Jep = 64.6 Hz, Jop=19.4 Hz, C-a [-CHD-]); 25.8

(t, C-c of piperidine); 25.2 (t, C-c).
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2.4. Rheology of gels

The gelation reaction of the monomer solution was monitored on a rotational rheometer (MCR
301, Anton Paar, Austria) in situ at a set temperature of 40 °C. Parallel plate geometry was utilized
with a plate diameter of 43 mm and an initial gap of 200 um. The gap thickness was controlled
automatically to minimize the normal forces due to possible swelling or shrinkage of the sample
during the gelation. The time sweeps were carried out at a constant strain and frequency of 0.1%
and 10 Hz, respectively. In-situ gelation of monomers from solution was carried out under a
rotational rheometer. By measuring the storage modulus G' as a function of time, we are able to
probe the gelation reaction as it proceeds. The equilibrium crosslink densities v were estimated
using the relation Gy = vkgT with the storage modulus at low frequencies Gy, the

Boltzmannconstant k, and the reaction temperature T.4*

2.5. The solvent affinity of gels (swelling behavior).

The swelling behavior of synthesized gels were studied in solvents with different polarities for
example water (polar protic, dielectric constant (¢) = 80.1), ethanol (polar protic, ¢ = 24.5),
dichloromethane (polar aprotic, € = 8.9) and toluene (nonpolar aprotic, € = 2.38). The swelling
ratio (SR) of gels was determined by soaking the gels in solvents for 24 hours, removed from the
solvent and weighed after removing the excess solvent from the surface with a moist tissue paper.
The swelling ratio (SR) of the gels was calculated according to equation Eq-S1 in Sec. S4. In the
case of the pH-sensitive hydrogel, the swelling ratio was determined at different pH (22 °C)
following the procedure described above. The desired pH was achieved by the addition of 0.1 N

HCI and 0.1 N NaOH solution.
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2.6. Thermal stability of the hydrogel (Gel-A)

To determine the stability of the hydrogel at physiological temperature, a known weight of
hydrogel (50 — 200 mg) was taken in glass vials containing 10 ml of deionized water and sealed
properly to prevent evaporation. For each temperature, three sets of samples were taken for
observation. Glass vials containing hydrogel were kept at 38 °C (in an oven) and the hydrogels
were weighed at different intervals over a period of 4 days. The weight of hydrogel was determined
by removing them from the water and soaking away the excess water from the surface with a moist
tissue paper. Similarly, to determine the stability of the hydrogel at 5 °C, glass vials containing
hydrogel were stored in a refrigerator and the hydrogels weighed at different intervals as mentioned

above. Swelling ratio of all hydrogel samples were determined by Eq-S1 defined in Sec. S4.

2.7. Differential scanning calorimetry (DSC)

Hydrogel (Gel-A) ca. 4-5 mg was placed in a sealed aluminum pan (low-pressure crucible) and

heated to 100 °C at a heating rate of 10 °C/min in a NETZSCH DSC Polyma 214 instrument.

2.8. SEM analysis of Gel-A

SEM analysis of Gel-A was carried out in a Hitachi S-4800 SEM operating at 20 kV. Prior to SEM
analysis, freeze-dried Gel-A (dimensions approx. 20 mm % 50 mm) were prepared under different

pH values.

2.9. Small-angle X-ray scattering (SAXS)

SAXS measurements were done in a Bruker Nanostar instrument (Bruker AXS GmbH, Karlsruhe,
Germany) equipped with a micro-focus copper radiation (CuKa 1.5406 A) source. More details

about SAXS setup is provided elsewhere.”® The scattering profiles have been recorded at the
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sample-detector distance of 107 cm providing the reliable g-range between 0.06 to 2.2 nm-1 (q =
(4n/L) sin(0), where 20 is the scattering angle). The samples were measured inside quartz
capillaries of 1.5 mm outer diameter and the wall thickness of 0.1 mm (Hilgenberg GmbH,
Malsfeld, Germany). The profiles were corrected for background subtraction taking into account
the transmission signal from all samples as well as empty capillary and the one filled with the
solvent (a new home-designed and built semi-transparent beam stop was mounted which allowed
a dedicated and precise background subtraction). The capillaries were wax-sealed and the
measurement chamber were evacuated (to 0.1 mbar) prior to measurement to reduce the air

scattering. All experiments were performed at room temperature (22 °C).

2.10. Drug release from hydrogel (Gel-A)

To study the drug release behavior, three different anionic dyes (Figure S42) were incorporated
into the hydrogel (Gel-A) via the in-situ upload method which ensures full (100%) incorporation
of dyes in the gels. For each drug release test, a solution was prepared with the TVPO (2 mmol),
Piperazin (3 mmol) and the drug (20 mg) in 10 ml deionized water. Dyes were initially dissolved
in water at room temperature prior to the addition of TVPO and piperazine. Then the solution was
transferred to a vial and was heated in an oven at 60 °C to prepare the hydrogel. Subsequently, the
hydrogels were washed with deionized water and immersed in the release solutions at different pH
and release behaviors of the gels were monitored via UV-vis spectrophotometer. HCl and NaOH
were used to prepare acidic and basic solutions while phosphate buffer was used for pH 7.4. In
addition, the release behavior of dyes in simulated body fluid was also determined. The calibration
curve was prepared for dye concentration range between 0.001-0.05 mg/mL. The limit of detection

(LOD) was evaluated as the dye concentration in which the peak produced a signal-to-noise ratio

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

greater > 10. The percentage of released dye per amount of initial dye loaded in the gel was

measured and reported.

2.11. Cytotoxicity of the hydrogel (Gel-A)

Cell culture - Normal human dermal fibroblasts (NHDF, PromoCell, C-29910, Germany) were
expanded and cultured in Dulbecco’s Modified Eagle Medium, high glucose (DMEM, Sigma-
Aldrich, Switzerland), supplemented with 10% v/v fetal calf serum, 1% Glutamine, and 1%
Penicillin, Streptomycin, Neomycin (PSN) (all from Invitrogen, Thermo Fisher Scientific,
Switzerland). NHDF were seeded at a density of 5000 cells per well in 96-well plates (Techno
Plastic Products (TPP), Switzerland) (~5700 cells-cm2) and let to adhere overnight. Subsequently,
100 pL of conditioned media was added to each well, and cell culture maintained at 37 °C, 5%

CO, for up to three days.

Preparation of conditioned media - Cytotoxicity of the hydrogels was assessed by use of
conditioned media by following the ISO Norm 10993-5. The hydrogels were directly prepared in
15 mL falcon tubes. After gelation, hydrogels were sterilized in 10% v/v PSN in PBS on a rotating
shaker. Subsequently, serum-free DMEM at a 10% v/v ratio hydrogel to DMEM was added to the
tubes, followed by incubation for 24 hours at 37 °C and 5% CO, in a humidified incubator. As a
control, DMEM without hydrogel was aged under the same condition. Prior to addition to the cells,
DMEM was supplemented with 10% FCS; fresh DMEM served as a standard, while DMEM
supplemented with 0.1% v/v Triton-X 100™ was used as the cytotoxic, cell-lysing control.
Following the same approach, the monomers TVPO and piperazine were also assessed in a
preliminary test at concentrations of 10% v/v in DMEM (N = 1 individual experiment, n = 3

replicates).
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Cell viability assay and DNA quantification - On day 1 and day 3, cell metabolic activity was
assessed via an alamarBlue assay (ThermoFisher Scientific, Switzerland). NHDF were incubated
with a 10% v/v solution of alamarBlue in phenol-red free DMEM for 2 hours. Fluorescence
intensity was measured on a Mithras? Plate reader (Berthold Technologies, Germany) at A., = 540
nm and A, = 580 nm. NHDF were then washed in PBS and lysed in MilliQ water in three repeated

freezing-thawing cycles.

DNA of lysed cells was quantified with a Hoechst DNA quantification assays, based on a
fluorescent DNA binding agent (bis-benzimidazole, Hoechst 33258, Sigma, Switzerland).
Fluorescence intensity was quantified at A, = 350 nm and A, = 460 nm and normalized to a
standard curve of calf thymus DNA. Light microscopy images were acquired on a Zeiss Primovert

(Zeiss GmbH, Germany).

Statistical Analysis — In vitro experiments were accomplished with n=3 replicates per condition
in N=5 (alamarBlue) or N=4 (Hoechst) independent experiments. Statistical analysis was
performed with GraphPad. Differences among all groups were assessed in a non-parametric
Kruskal Wallis test, followed by pairwise comparisons between the groups with a non-parametric

Mann-Whitney test. Differences of the mean were accepted as significant for p<0.05.

3. Results and Discussion

Detailed synthesis and characterization of TVPO, diamines and gels are described in the
supplementary information (SI). The gels were synthesized in a simple single-step method using
TVPO and diamines (1:1 molar ratio) and labeled as Gel-A to E (Figure 1a). We observed an
increase in the gelation time from 1 hour in the case of Gel-A to 24 hours for Gel-D and Gel-E

(Figure 1a).
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Figure 1. (a) Synthesis of phosphorus-based gels from TVPO and different diamines at 60 °C in
ethanol. Graph (red) shows the gelation time for different gels A-E at 60 °C, (b) Gelation time of
Gel-A at (40 °C and 60 °C in water) and of Gel-B (40 °C in ethanol) determined by rheometry.
For comparison, the gelation time of Gel-B was determined and was found to be higher than Gel-
A. (¢) The Swelling ratio of hydrogel (Gel-A) at different pH (swelling ratio < 1 refers to the de-
swelling of Gel-A). The procedure and calculation of swelling ratio can be found in the
supplementary information (S4). (d), (e) and (f) are showing the SEM images of Gel-A at pH 4, 7

and 10 respectively. Scale bar in SEM images: 100 pm.
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Such positive correlation between gelation time and molecular size of amines can be attributed to
reduced diffusion of long amine chains. The effects of temperature and structure of diamines on
gelation time were confirmed by in-situ synthesis of Gel-A and Gel-B by rotational rheometry
(Figure 1b). At lower temperature (40 °C), Gel-A formed with a longer gelation time (~60 min) as
compared to the much faster gelation of ~20 min at a higher temperature (60 °C). The crosslink
densities of Gel-A in water and Gel-B in ethanol are ~14.3 and ~8.0 mol/m?, respectively. These
estimations agree well with the typical v values of hydrogels between ~5-50 mol/m? reported in
the literature.?!- 31- From Figure 1b, it can be clearly seen that gel (Gel-B) synthesized with a
longer amine requires longer gelation time (120 min). These findings are in agreement with our
visual observations. The obtained gels were colorless and transparent, independent of the type of
amines backbones and gelation time, giving firsthand information about the controlled reaction.
This observation confirms the absence of visible light multiple scattering, which could originate
from domains of chain aggregates in microscale or larger scale. Interestingly, the gelation reaction
was specific only to cyclic secondary diamines. No gels were obtained in case when linear aliphatic
primary or secondary amines were used as monomers, even after prolonged heating. This can be
attributed to possible cyclization reactions that impede polymerization.”> The low-temperature
gelation under crosslinker/catalyst-free condition and amine specific reactivity is a quite unique

feature, enabling formulations to incorporate thermosensitive molecules or reagents.3% 3¢

Alkyl chain lengths between piperidine and piperazine units of diamines were found to alter the
hydrophilicity of the gels (Figure S17). The use of piperazine led to the formation of a hydrogel
differing in comparison to the hydrophobic gels obtained for amines with longer alkyl bridge (Gel-

B to Gel-E). The polar amino groups in the gel network and dipole-dipole interactions of polar
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phosphoryl groups favors maximum swelling in polar aprotic solvents like dichloromethane
(DCM) compared to polar protic counterparts (e.g. ethanol), !° while inhibiting swelling in a
nonpolar solvent such as toluene (Figure S17). The hydrogel was found to be pH-responsive with
a maximum swelling ratio of 25 at pH 2, whereas deswelling was observed at pH 10 (Figure 1c).
SEM analysis of freeze-dried Gel-A (Figure 1 d-f) at different pH values confirmed the pH
responsiveness of the materials. At pH 4 an open structure with uniformly distributed pores are
observed (Figure 1d), which decreases with increasing pH and finally collapses at pH 10 (Figure
1f). SEM analysis is in well agreement with pH-responsive swelling of Gel-A. Swelling at low pH
can be attributed to the intramolecular electrostatic repulsions of protonated amines in acidic

medium. Partial deprotonation of amines in basic medium leads to deswelling of the gels.>’

As pre-synthesized gels could not be homogeneously transferred into NMR tubes, gels for the
NMR studies were synthesized directly in a deuterated solvent and analyzed in situ with "gel phase
NMR". The chemical assignments of '"H and '*C NMR resonances for all gels were performed via
1D and 2D NMR spectroscopy (detailed summary for all gels are described in SI, paragraph S5).
In the case of Gel-A, the almost complete absence of the olefinic protons characteristic of TVPO
at 5.8-6.4 ppm (Figure 2a) was observed, implying that the vinyl groups of the starting material
were consumed to > 99% (Figure 2b, '"H NMR spectrum with integrated regions shown in Figure
S18). For the methylene group labeled with "a" in the chemical structure of Gel-A (Figure 2b) a
cross signal with the opposite sign of signal intensity can be observed in the multiplicity-edited
HSQC NMR spectrum (Figure 3b) compared to the relative signal intensities of all other CH,
groups in the molecule. Therefore, this correlation must originate from a CH (or CHj;) carbon.
Since the polymerization reaction follows a Michael addition type mechanism and therefore a CH,

group is expected at position o, separate model reactions were performed using piperidine as amine
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ligand in 1) normal methanol, resulting in compound 9 and i1) in deuterated methanol which results

in compound 9-D. Thorough analysis of the NMR data reveals that in the 3C NMR spectrum of

oNOYTULT D WN =

compound 9 the signal for C-a [-CH,-] at 26.5 ppm splits into a doublet (Jp = 64.6 Hz) (Figure
10 S22). These two resonances are also present in the '*C NMR spectra of compound 9-D, but an
additional set of resonances can be assigned to a —CHD group at 26.2 ppm (a position) split into a
15 doublet by J-p = 64.6 Hz and a 1:1:1 triplet due to the coupling with deuterium incorporated by

17 reaction with deuterium from the solvent (Jop = 19.4 Hz, Figure S23 and S24).
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46 Figure 2. (a) 'H, 13C, 3'P NMR spectra of TVPO in CDCl, (b) 'H, 3C, 3'P NMR spectra of Gel-

49 A showing shifts in corresponding peaks as a confirmation of reaction (D,0).
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Figure 3. (a, b) expanded regions of the 'H-13C HSQC NMR spectrum with assigned cross-peaks

of Gel-A (D,0). The red line points to the missing correlation signal of positions c.

Coming back to the HSQC NMR data of Gel-A, the cross signal at 2.09 / 23.7 ppm (Figure 3a)
therefore, was assigned to a —CHD group (position o). The two peaks around 2.63 / 6 49.7 ppm
belong to position 3, bound either to piperazine with only one attached phosphorous ligand with
cross-peaks of the amine moiety at 2.49/43.9 ppm (position a) and 2.49/6 52.1 ppm (position b),
or to a piperazine unit with two phosphorous ligands attached (8'3C of 51.1 ppm, position ¢, see
Figure 2b). No correlation to this carbon is detectable in the HSQC NMR spectrum (indicated by
the red line in Figure 3) and in the DEPT-135 NMR spectrum (Figure S19), a signal of only minor
intensity is observed. Both pulse sequences operate with a polarization transfer from 'H to '3C and
do not seem to work properly due to the limited mobility in the gel phase associated with line
broadening (with short T, relaxation as a consequence) of '"H NMR resonances. Finally, the
assignment of carbon c to a methylene group via the APT NMR pulse sequence was possible
(Figure S19, multiplicity selection in APT experiments is based on '*C magnetization dephasing

during a delay without polarization transfer). In addition, the completeness of consumption of
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TVPO vinyl groups was documented by the disappearance of the 3'P NMR signal at 17.4 ppm

(Figure 2a) and the simultaneous build-up of resonances at 6 54.5-55.1 ppm (Figure 2b).

oNOYTULT D WN =

9 To further elucidate the nanostructure of the gels, small-angle X-ray scattering (SAXS) technique
11 was used. Initially, we observed that the scattering intensity for Gel-A and Gel-C (Figure 4a)
decays with characteristics value for 3-dimensional domains (Porod slope of -4). The 3-D domains
16 also formed in Gel-D but with much smaller size confirmed by an initial plateau at the scattering
18 profile followed by the decay at large q values. Kratky plots (Ixq? versus q) provide more detailed

20 information on polymer chains behavior in the gels (Figure 4b); we observe maxima at q values.
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Figure 4. (a) (b) the Kratky plots of gels prepared with diamines bearing varying hydrocarbon
chains, (¢) size of nanodomains formed based on the hydrocarbon chain length of amine and its
compatibility with the solvent (methanol), (d) Proposed microstructure of these gels, showing
changes in the size of nanodomains with respect to different solvents. (e, f) Scattering profiles and
the Kratky plots of hydrogel prepared in H,O, methanol and H,O-methanol mixture (1:1). (g)

Change in size of collapsed domains present in the hydrogel in different solvent compositions.
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This may be due to increased compatibility between polymer chains and methanol owing to
increased hydrophobicity of longer hydrocarbon chain length of diamines. From SAXS studies, it
can be deduced that the large collapsed polymer domains can be achieved in gels synthesized in
poor solvents, whereas domain formation was suppressed when a favorable solvent is used. Such
scattering behavior for conformational changes of macromolecules has been demonstrated in
numerous studies previously. 3861 The schematic presentation of structural variations in different

gels is shown in Figure 4d.

To validate the influence of solvent compatibility on nano-domains formation, Gel-A, which
exhibits the largest collapsed domain in methanol, was synthesized in different water-methanol
composition. Due to higher solvent compatibility, Gel-A is expected to have extended chain
conformation in water or smaller domain size. SAXS Kratky plot of Gel-A in water (Figure 4f)
shows the disappearance of a sharp maxima at 0.11 nm™!' and the appearance of a plateau with a
shallow peak around 1.0 nm-!'. The plateau confirms polymer chain configuration with Gaussian
behavior in water compared to that in methanol nevertheless, a small fraction of collapsed chain
cannot be excluded due to the presence of the shallow peak.5> Using Guinier fit (Figure S37 and
S38), we could quantify the domain sizes of 2.0 nm in water, which is far smaller compared to 14
nm domain size in methanol (Figure 4g). Noteworthy that the Gel-A in 1:1 water/methanol mixture

also shows similar behavior to the polymer in pure water (Figure 4e, 4f).

Gel-B and Gel-E have been synthesized from monomers of slightly different structures, however,
the nanostructure can still be tuned by the strategy based on solvent compatibility. Gel-B contains
two piperidine rings connected via a propyl group, which is expected to have a higher
hydrophobicity compared to Gel-E with three piperazine groups. As a result, the Gel-B shows

monotonous increase indicating solely elongated chains in contrast to Gel-E, which demonstrates

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

a shallow peak in Kratky plot. (Figure S39, S40 and S41). The Ornstein-Zernike modeling of Gel-
B in methanol reveals about 1.3 nm correlation length along the stretched polymer chain.®® For
the Gel-E in methanol, the domain sizes of 3.3 nm is demonstrated by a shallow peak in the Kratky

plot at around 0.5 nm! (Figure S41).

Motivated by the clean and pH-responsive nature of the phosphorous hydrogel, their drug release
potential was evaluated using three different model drugs like Acid blue 80, Acid Blue 90 and
Fluorescein (Figure S42). These drugs were carefully chosen to demonstrate the effect of dye
molecular weight (Acid Blue 90- MW 854, Acid Blue 80- MW 678 and Fluorescein- MW 332) on
release behavior and their possible reaction of the amine group of these dyes with the gel network.
Acid Blue 90 and Acid Blue 80 have free secondary amino groups, which can potentially react
with vinyl groups of TVPO. The secondary amino group in Acid Blue 80 is sterically hindered and
may not be readily available for reaction with the vinyl group of TVPO. In contrast, Fluorescein
is relatively a small anionic dye with no amino group and thus expected to exhibit a different
release profile. Hydrogels (Gel-A) loaded with the model drug (dyes) were prepared via the in-
situ loading method. The in-situ drug loading method involved mixing of the dye solution with the
monomers followed by hydrogel synthesis. This process ensures 100% incorporation of all inside
the gel. To ascertain any possible side reaction between dye and hydrogel matrix, UV-vis spectra
of dye solution (in water) and dye loaded hydrogels were recorded by preparing the dye loaded
hydrogel directly inside UV-cuvettes. From Figure S43a, S47a it can be seen that UV-vis
absorption peaks of hydrogel bound Acid blue 80 and Fluorescein remained identical to their
solution, indicating the absence of any kind of reaction between dye and hydrogel. Such a shift
can be attributed to possible reactions between -NH group of Acid blue 90 and the vinyl group of

TVPO. This was further confirmed by a longer gelation time (3 h) when the in-situ loading of Acid
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blue 90 was carried out. To confirm the reaction between dye molecules and hydrogel matrix, the
reaction between TVPO and Acid blue 90 was carried out by heating in D,0 at 60 °C for 1 hour
(Figure S45). The 3'P NMR revealed the appearance of additional phosphorous peaks confirming
the reaction between TVPO and Acid blue 90 (Figure S45). Whereas, no change in 3'P NMR
spectra was observed when a mixture of TVPO and Acid blue 80 was heated at 60 °C for 1 hour

(Figure S44). Subsequently, all dye-loaded hydrogels were investigated for their release behavior.

Despite a swollen state of the hydrogel below pH 6, an exhibition of a very slow drug release
profile (Figure 5a) can be attributed to the strong interaction between the anionic dye and cationic
hydrogel. Such interactions with drug molecules have already been reported as a release control
strategy in polymer networks.®* At higher pH(10), a faster release kinetics (up to 14%) possibly
due to increased solubility of acid blue 80 in alkaline pH and the reduced pore size of the hydrogel
matrix was observed. When dye release was investigated in a phosphate buffer solution (pH 7.4),
a faster kinetics with the controlled-release pattern was observed compared to the release kinetics
at higher pH (Figure 5a). Release kinetics in PBS and SBF after 24 hours is positively influenced
by the ionic affinity between positively charged metal ions and the anionic dye, thus playing a
crucial role in a higher releasing rate.5® Such release behavior can be utilized in injuries, where pH
changes from neutral or basic pH (~10) are observed,® thus acting as a trigger for the release of

active ingredients encapsulated within the hydrogel.

Acid blue 90, comparatively a higher molecular weight dye was loaded in the hydrogel and its
release was studied in different solutions. Acid blue 90 exhibited the lowest release rate (Figure
5b) and this is due to the reaction of TVPO and secondary amines of dye which inhibits its

subsequent release (Figure S45).
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Figure 5: Release rates of (a) Acid Blue 80; (b) Acid Blue 90 and (C) Fluorescein from Gel-A in

simulated body fluid (SBF), PBS buffer and at different pH.

Fluorescein loaded hydrogel exhibited slightly different release behavior compared to the other
dye/hydrogel systems. Unlike in the case of Acid Blue 80 loaded hydrogel, a small release of

Fluorescein (up to 10 %) was observed in acidic media (at pH 4) (Figure 5¢), which may be due
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to its small size and swollen state of the hydrogel. However, the poor release of Fluorescein in
acidic media could be attributed to the protonation of its carboxylic group, which makes it more
hydrophobic compared to its deprotonated form in an alkaline media. In contrast, at alkaline pH
(10), a faster release of Fluorescein was observed (up to 70%) possibly due to higher solubility of
the dye. The release rate of Fluorescein in PBS is higher and comparable to that in alkaline media
due to the ionic affinity between positively charged metal ions present in PBS and the negatively
charged groups of the dye. Compared to PBS, in SBF, a higher and faster release of Fluorescein
(up to 90 % after 24hrs) was observed which may be due to a high concentration of metal ions

(Figure 5c¢).

To exclude the potential metal complexation of the dyes (Acid blue 80 and Fluorescein), their UV
spectra in different media were measured and provided in figures S43, S47. As no change in Ay«
of Acid Blue 80 in various media was observed, it possible metal complexation can be excluded.
Similarly, for Fluorescein (Figure S47), no change in A, was observed in all media except in pH
4. In acidic pH (4) values, the A;,.x of Fluorescein was shifted to lower wavenumber (Figure S47b)

which is due to its cationic structure.®’
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Figure 6. (a) Cell metabolic activity of normal human dermal fibroblasts (NHDF) on day 1 (d1)
and day 3 (d3) based on an alamar Blue assay. Values are normalized to NHDF cultured in fresh
DMEM (std.) on d1. DMEM incubated at 37°C for 24h without Gel-A served as control (ctrl.),
triton —X-100™ supplemented DMEM as cytotoxic condition (t-X). N=5 individual experiments,
(b) DNA amount, an estimate for cell number, was quantified based on a Hoechst assay. N=4
individual experiments. *p<0.05 compared to std. of the same day. (¢) and (d) light microscopy
images of NHDF cultured on tissue culture plastic (TCP), treated with (¢) fresh DMEM (std.) and

(d) Gel-A extracts. Scale bar: 10 um.

Cytotoxicity of Gel-A (hydrogel) was assessed based on extract exposure (cell culture media

incubated with the material of interest) of normal human dermal fibroblasts (NHDF). This is a
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versatile pilot test and gives the first indication of the suitability of a material for biomedical
application. Potentially toxic and soluble substances could alter the metabolic activity of cells
and/or affect their proliferation rate. Cytotoxicity assays were performed based on ISO 10993-5,
postulating that a cell metabolic activity of <70% compared to a standard control group indicates

a cytotoxic effect of the material extracts.

In a first preliminary evaluation (results presented in Figure S48), the two reactants' piperazine and
TVPO were evaluated. At concentrations of 10% v/v in DMEM, both monomers had a cytotoxic
effect, indicated by relative cell metabolic activities lower than 70% compared to fresh DMEM.
In consecutive experiments, the materials were evaluated after gelation (Gel-A formation).
Conditioned media (Gel-A), as well as media incubated at 37°C for 24 h without the addition of
Gel-A (ctrl.) did reduce the metabolic activity of NHDF compared to cells cultured in fresh media
(std.) on day 1. Importantly, however, the relative metabolic activity was higher than 80%
compared to NHDF cultured under standard conditions (Figure 6a). This indicates that in the
chosen in vitro model of human dermal fibroblasts, extracts of the prepared hydrogels did not have
a cytotoxic effect. Reduced cell metabolic activity in these two groups (Gel-A and ctrl.) can be
attributed to reduced nutrient content in media incubated for 24 hours at 37°C rather than a
cytotoxic impact of Gel-A. No significant differences in cell metabolic activity among the three
groups were observed on day 3 which is also in favor of the assumption that Gel-A is
cytocompatible. DNA quantities of Gel- A extract-treated cells were comparable to the standard
group (std.) on day 1, while statistically significantly higher values were found on day 3 for both
groups (Gel-A and ctrl.) compared to std. (Figure 6b). Hoechst is a DNA intercalating agent, which
also stains the DNA of dead cells remaining in the culture well. This explains the relatively high

values for Triton -X-100™ treated cells, as well as the discrepancy between cell metabolic activity
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and DNA quantity. Cytotoxicity assays, as well as microscopical observations point in the same
direction, indicating that Gel-A extracts did not have a cytotoxic effect on NHDF. Compared to
the observed cytotoxic effect the two monomers (piperazine and TVPO) have on NHDF (Figure S
48), these results are further in favor of fast, complete gelation of the here synthesized hydrogel.
Even though the ISO 10993-5 norm has been developed as a standard to assess medical devices,
the experimental design described therein provides versatile guidelines for initial evaluations of
various (bio)materials to assess potentially cytotoxic extractable. Confirmed cytocompatibility
then warrants further research on the newly synthesized or developed material. Further in-depth
evaluations, in particular with drug-loaded hydrogels in specific in vitro model systems are needed
to elucidate the potential use of the here designed hydrogel as a drug delivery matrix for medical

application.

For biological applications, it is necessary to know the stability of the hydrogel (Gel-A) at
physiological temperature (37.5 °C) and storage temperature (5.0 °C). To determine the stability
of the hydrogel, a change in swelling ratio of the hydrogel was monitored at 5.0 °C, 38 °C over a
period of 4 days. As shown in Figure S49, the lack of any change in SR of the hydrogels even after
4 days indicates its stability at physiological temperature. The hydrogel (Gel-A) was also analyzed
using differential scanning calorimetry (DSC) and the DSC thermogram is reported in the SI
(Figure S50). It can be seen from the DSC data that there is no observable thermal transition for

the hydrogel till 100 °C, which confirms its stability at 40 °C.

4. Conclusion

A facile one-step strategy for the synthesis of phosphine oxide based gels under mild conditions is

reported in this work. Gel phase NMR study (1D and 2D NMR spectroscopy) was used to
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characterize the structure of gels. Only Michael addition products in the form of phosphine oxide
macromolecules were identified in the NMR study. SAXS analysis was used to investigate the
nanostructure of the gels and it was able to detect the presence of collapsed nanodomains within
the microstructure of the gels. Three anionic dyes (Acid Blue 90, Acid Blue 80, and Fluorescein)
as model drugs were loaded in hydrogel (Gel-A) via an in-situ method. In alkaline medium, Acid
Blue 80 and Fluorescein were released faster from the hydrogel, which is due to increased
solubility of the dyes. A higher and faster release of these dyes was observed in PBS and SBF
which is due to the ionic interaction of metal ions present in these media. In the case of Acid Blue
90, a very low release was observed in various media, which is due to the reaction of its easily
accessible secondary amino group with the vinyl group of TVPO. Thus, this work demonstrates
that the chemical structure and the molecular weight of the dye, pH of the media and the
composition of the release media (PBS and SBF) influence the dye release rate from the hydrogel.
As-synthesized hydrogel (Gel-A) without further purification was subjected to cytotoxicity
assessment. In vitro cytotoxic assessment of Gel-A using human dermal fibroblasts did not show
any cytotoxic effect. These properties indeed make these gels promising candidates for drug

delivery matrix and other biomedical applications.

5. Associated content

Supporting Information.

Synthesis and NMR characterization of diamines; 'H, 13C, 3!P and HSQC NMR data of gels; SAXS
scattering profiles and corresponding Guinier fits of Gel-A, Gel-C and Gel-D; detailed procedure
for swelling ratio determination, drug release behavior, cytotoxicity assessment are given in

supporting information.
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