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ABSTRACT: Poly(N-vinylcaprolactam-co-itaconate) (P(VCL-co-IADME) microgels were synthesized varying the molar ratio between VCL and IADME via free radical precipitation polymerization in the presence of quaternary ammonium surfactant. In order to determine the effect of the divalent metal ions on the structure and the swelling behavior of the microgel systems, both neutral and charged forms of the hydrogels after hydrolysis were investigated. The triggered gel collapse caused by the divalent metal ion together with the quantification of the metal ion uptake was studied in detail by titration and ion chromatography methods and revealed the minimum concentration around 0.1 mM to trigger gel collapse on the treated gels. Uptake and release dynamics of the gels were followed by turbidity measurements and were in the time-range of 2 and 17 seconds, depending on the composition and the concentrations.

INTRODUCTION
Microgels are known as cross-linked polymeric networks that swell in a good solvent and are characterized by a size that goes from hundreds of nanometer to tens of micrometer.1 This class of soft materials displays high application versatility due to their porosity, high surface area and stimulus responsive behavior. By tuning their chemical composition, moieties reactive to external triggers can be introduced to change their swelling degree and solvent affinity, making the gel responsive to temperature,2 pH,3-6 light,7 ionic strength,8 hydrostatic pressure,9 electrochemical potential10 and solvent composition.3, 11-12 The possibility to fine-tune their size and responsiveness along with their proven biocompatibility makes them excellent candidates for drug delivery,13-14 sensor15-16 and catalytic applications.17-18 Charged gels such as polyelectrolyte and polyampholytic gels have shown great uptake and release properties for drugs,19 surfactants,20 small molecules,21 polyelectrolytes22 and small proteins such as Cytochrome C (CytC).23 Even though the uptake and release are generally diffusion driven, the introduction of charged moieties that can be modulated by pH changes enables the system to a higher degree functionality for controlled release.19, 23 For all these classes of molecules, extensive studies have been performed on microgels bearing both temperature and pH responsive behavior.24 Some of the most popular gels are composed of either poly(N-isopropylacrylamide) (PNIPAM) or poly(N-vinylcaprolactam) (PVCL) that act for the part, and poly(acrylic acid) (PAA) or poly(itaconic acid) (PIA) that bear the ionic thus pH responsive functionality.25-27 In fact, the combination of multiple stimuli allows the controlled release in different environments, which makes them strong candidates for in vivo applications.
A multitude of biological processes ranging from muscle contraction,28 transmission, nerve impulse,29 and fluid balance30 in cells are activated and regulated by the presence or release of divalent ions, such as Ca2+ or Mg2+. Moreover, the presence of Ca2+ in lysosomes regulates their behavior and action within the cell environment.31 Muscle contraction is triggered by the 10-fold increase of the cytosolic concentration, rising from 100 nM at the resting condition to 2-4 mM.32 One of the challenges in cell biology is to deliver with high specificity a stimulus within the cell without triggering other factors. A very popular approach is to use stimuli sensitive polymerosomes for the triggered release of water-soluble drugs,33 or microgels.34 However, little research has been done on the capability of gels to deliver an ionic stimulus, even though extensive data is available on their responsiveness towards alkali ions. In fact, in comparison to small molecules or proteins, very little studies have been done on the capability of microgels to uptake and release Ca2+.
Early studies performed on PAA microgels showed how the addition of divalent ions such as Ca2+ triggered microgel collapse, yet the strength of the ion binding was not high enough to form a supramolecular colloidal gel from them.35 This might be attributed to the presence of the cationic initiator at the periphery of the gel that prevents significant intermicrogel bridging. The binding affinity was also estimated via isothermal titration calorimetry (ITC) measurements, showing the formation of complexes with high binding affinity within the network, which however formed weak field sites due to steric constraint.36 The introduction of a thermoresponsive moiety such as VCL, lead to similar results in the presence of Ca2+ ions as shown by Saunders et al., yet at temperatures above the volume phase transition temperature (VPTT= 32 °C) and neutral pH, aggregation of the 
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Scheme 1. Synthetic process of thermo- and pH responsive anionic microgels for the complexation and release of Ca2+ ions.
gels could be observed over time.37 This was explained through the increase of local density of complexing free groups on the gel surface, which would lead to an increase of the available coordination sites for Ca2+ bind, also between multiple microgels.37-38 However, to the best of our knowledge, there are no studies available on the quantification of Ca2+ ions that can be up taken and released by a thermoresponsive anionic microgel. For this reason, we designed a thermo- and pH responsive anionic microgel, composed of VCL and IA, which is already known to be biocompatible and has shown good potential as carrier for small cationic molecules and proteins, yet its behavior towards Ca2+ or in general towards divalent ions has not been studied.23 We design it to have a pseudo core-shell structure, in which the microgel is still statistical but there is a progressive enrichment of the core with the IA moieties.26 This should prevent the gels from any temperature-triggered aggregation above its VPTT of 32 °C and provide a stable system for eventual in vivo applications. The novelty in this study consists in the quantification of Ca2+ that can be coordinated by an anionic microgel whilst keeping the system stable towards ionic strength, and the release of the ions stimulated by a pH trigger (Scheme 1). We investigate the effect of chemical composition on the uptake and release capability of the microgels, progressively enriching the gel in its anionic content until a threshold is reached. We also perform the kinetics of uptake and release of the Ca2+ ions, which plays a fundamental role for the choice in its future application as ion delivery system or as sensor.

MATERIALS AND METHODS
Materials. N-Vinylcaprolactam (VCL, 98%), dimethylitaconate (IADME ≥99%), N,N’-methylene(bis)acrylamide (BIS, 99%), hexdecyltrimethylammonium bromide (CTAB, 99%), calcium chloride dihydrate (CaCl2.x2H2O, 99%) were purchased from Sigma Aldrich. 2’-azobis[2-methylproprionamide]dihydrochloride (AMPA, granular, 97%) was obtained from Acros Organic. Deuterated chloroform (CDCl3-d1, 99.8 atom% D) and deuterated water (D2O, 99.9 atom% D) were obtained from Cambridge Isotope Laboratories, Inc. All the chemicals were used as received without any treatment if not otherwise specified. VCL was purified under reduced pressure distillation (128 °C) prior to use. All experiments were performed using Millipore pure water with a resistivity of 18.2 MΩ cm-1 filtered with a 450 µm filter, and if not stated otherwise at pH= 7 in absence of buffer. 
Synthesis of P(VCL-co-IADME) microgels. Microgels were synthesized via free radical precipitation polymerization. The procedure was adapted from the literature.23 Briefly, in a typical reaction stock solutions of BIS and CTAB in water were prepared, and adequate amounts of VCL and IADME were solubilized in the solution mixture (140 ml) in a 250 ml three neck round bottom flask equipped with a mechanical stirrer, a thermometer and an inlet for inert gas. The solution was left stirring at 300 rpm for 60 min, heated up to 70°C and N2 was bubbled through for 1 h to ensure complete degassing of the solution. A solution of AMPA in water (10 ml) was degassed for 15 min and then added in one shot to the VCL solution. The reaction was allowed to proceed for 3 h under inert atmosphere at 70°C, and was subsequently quenched by allowing air in the solution and cooling down to room temperature. The formed gels were purified by dialysis (Spectra /Por(R)7 Dialysis Membrane, Pre-treated RC Tubing, MWCO: 50 kDa) against Millipore pure water for 6 days. The gels were then collected and stored in water as stock solutions for further use.
Hydrolysis of P(VCL-co-IADME) to obtain P(VCL-co-IA) microgels. Microgels were left stirring for 3 to 7 days in 0.1 M NaOH solution to ensure the hydrolysis of the itaconate moieties to itaconic acid (IA), followed by dialysis (Spectra /Por(R)7 Dialysis Membrane, Pre-treated RC Tubing, MWCO: 50 kDa) against Millipore pure water for 4 days and left in water as stock solutions for further use. To determine the weight concentration 2 ml of microgel solution were lyophilized and weighted on a high precision balance.
Ca2+ triggered gel collapse. The microgels were dispersed in a Ca2+ ions solution at different dilutions (100, 10, 1, 0.5, 0.1, 0.05, 0.01 and 0.001 mM) to a final concentration of 0.02 wt% of microgels at pH= 7. The equilibration time of the microgels were set on 12 h during shaking and subsequently analyzed via light scattering. 
Ca2+ loading experiments. Microgels were dispersed in a Ca2+ solution with a final concentration of 0.1 wt% (5 ml water) at pH= 7, and left agitating on a shaker overnight. Microgels and blank Ca2+ solutions were centrifuged in a Vivaspin 20 centrifuge filter (Sartorius Stedim biotech, Vivaspin 20, MWCO PES: 10 kDa) at 2000 rpm for 40 min to obtain 4 mL of filtered sample. The filtrate was collected for further analysis. The concentrated Ca2+ loaded microgels (remaining 1 ml) were diluted back to 5 mL to obtain final pH of 2, 3, 4 and 5. The samples were left shaking followed by centrifugation (2000 rpm for 1h at 20 °C) and the filtrate was collected for further analysis.
Ca2+ leaching experiments. Microgels were loaded with Ca2+ and washed once with Millipore pure water by centrifuging utilizing Vivaspin 20 centrifuge filters (Sartorius Stedim biotech, Vivaspin 20, MWCO PES: 10 kDa). The gels were left shaking for 30 minutes in Millipore pure water (5mL) at pH= 7, and centrifuged for 30 min. The procedure was repeated 10 times. The filtrate was analyzed via ion chromatography to determine the amount of Ca2+ released from the gels over time. 
Ca2+ release experiments. Loaded microgels were transferred to solutions at pH 2, 3, 4 and 5, with an equilibration time of 10 minutes. The gels where then centrifuged in a Vivaspin 20 centrifuge filter (Sartorius Stedim biotech, Vivaspin 20, MWCO PES: 10 kDa) and the filtered water was analyzed via Ion Chromatography.
Ion chromatography. The Ca2+ uptake by the microgels was measured via ion chromatography with a 940 Professional IC Vario (Metrohm). 30 μl samples were eluted on a 250mmx40mm column with an elution flux of 0.8 ml/min in HNO3 (7.25 mM) at 30°C. Three independent measurements were used to evaluate one data point.
Light scattering. Dynamic light scattering (DLS) was applied to measure the hydrodynamic diameter (DH) of the microgels by using a Zetasizer Nano ZsP (Malvern Instruments). Measurements were taken at 10 °C, after an equilibration time of 420 s with a back scattering angle of 173°. pH dependent size measurements were performed using a MPT-2 Multipurpose titrator (Malvern Instruments) and a MV114-SC Malvern Comb Glass Electrode , and titrated with an at increments with an interval of 0.5 from pH 2 to 12.  Static light scattering (SLS) measurements were performed with an LS spectrometer from LS Instrument (Switzerland) with a HeNe laser (633 nm) with varying scattering angles in 2D/pseudo cross-correlation mode. All measurements were carried out at 25.0 °C and averaged over 3 measurements of 60 seconds each.
Transmission Electron Microscopy (TEM). Microgel morphologies and group distribution were determined via TEM imaging with a Philips Morgagni 268D microscope. Microgel solutions in water at 0.01 wt% were negatively stained with a solution of 0.015% sodium phosphotungstate (PTA) solution and deposited on a carbon-coated copper grid. The samples were blotted, washed and negatively stained before TEM imaged.
Nuclear Magnetic Resonance (NMR). NMR spectra were acquired in deuterated solvents (Chloroform-d or deuterated water) on a Bruker 400 MHz (1H: 400 MHz; 13C: 100 MHz) spectrometer at room temperature utilizing 256 scans with a 0.1 wt% microgel concentration. Chemical shifts (δ) are reported in ppm, whereas the chemical shifts are calibrated to the main solvent residual peaks. The collected spectra were analyzed using MestReNova (v9.1) (Mestrelab Research S.L).
Fourier Transform Infrared Spectroscopy (FT-IR). Background corrected attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) spectra were recorded on a Bruker spectrophotometer in the range of 4000-400 cm-1, using 128 scans at a nominal resolution of 4 cm-1 using a diamond single reflection ATR. Atmospheric compensation and offset correction were applied on the collected spectra to determine the degree of hydrolysis by following the presence of the methyl groups relative the IADME monomer on freeze-dried samples. The ATR-FTIR spectra were evaluated with the use of OPUS spectroscopy software (v7.0) (Bruker Optics).
Potentiometric titration. The pH sensitivity, the determination of the acid groups of the resulting microgels were evaluated by potentiometric titrations and the pKa values were determined in the pH value range of 5-9 using a Zetasizer Nano ZsP (Malvern Instruments). For the titration and pH detection of 0.1 wt% microgel solutions, prepared by using Millipore pure water MPT-2 multi-purpose titrator (Malvern Instruments) with a MV114-SC Malvern Comb Glass Electrode were used. The aqueous solutions were titrated with NaOH solution (0.01 M) at increments with an interval of 0.5. The ζ-potential as well as the change of the particle size were determined at room temperature as the average of 3 measurements. The collected datasets were analyzed using Zetasizer Software (v7.0) (Malvern Instruments).
Sample identification. The P(VCL-co-IADME) microgel samples are coded with the N, the (VCL-co-IA) microgels were labelled with M, where the additional number n in the sample identification stands for the theoretical IADME and the IA content in mol%, respectively, i.e. N10 denotes the P(VCL-co-IADME) sample with 10 mol% of IADME and M12.5 denotes the sample with 12.50 mol% of IA. The exact composition of the Nn and the Mn microgels is displayed in Table S1.

RESULTS and DISCUSSION
Preparation and characterization of neutral and charged microgels. P(VCL-co-IADME) microgels were prepared by precipitation polymerization in the presence of a quaternary ammonium surfactant, by varying the molar ratio between VCL and IADME, whilst keeping the cross-linker and surfactant constant to stabilize the gels, as shown in Table S1, named N0 to N25 according to their IADME mol% content. Microgel sample (N0) was prepared without IADME, to be used as a reference system in the Ca2+ uptake studies. 1H NMR spectra were recorded to determine the molar ratio between VCL and IADME moieties, and the results were compared with the relative intensities of the signals recorded in the ATR-FTIR transmission spectra (Figure S1 and S2 in the Supporting Information). Integration in the 1H NMR spectra showed progressive enrichment of the comonomer ratio consistent with the comonomer feed, and the integration areas of the IADME methyl protons showed almost a quantitative integration of IADME within the VCL chain. These results were consistent with the results obtained by ATR-FTIR data. The main characteristic absorption bands in PVCL is assigned to the carbonyl (C=O, stretching) which appeared at 1630 cm−1, whilst the characteristic band for IAMDE were assigned to the ester moiety which appear at 1720 cm−1 (C=O stretching). The DH of the gels was recorded in water at 10 °C to determine their swollen size, and the DH decrease with the increase of comonomer enrichment. The homopolymeric N0 is characterized by a DH = (387 ± 39) nm, which steadily decreases to a DH = (218 ± 3) nm for N25 (Figure S7).
The subsequent hydrolysis in NaOH of the IADME ester group was done to obtain negatively charged P(VCL-co-IA) microgels bearing the carboxylic acid moieties able to bond divalent ions. Each Nn was hydrolyzed into the correspondent Mn microgel. The hydrolysis was performed only for a limited time and not allowed to completion, as the partially hydrolyzed gels proved to be more stable than the fully hydrolyzed ones. The chemical structure was also evaluated via 1H NMR by following the disappearance of the ester methyl signals, however the scarce solubility of the methoxide groups of unreacted IADME in D2O gave only qualitative information about the partial hydrolysis (Figure S3). ATR-FTIR was instead used focusing on the disappearance of the ester signals meaning the formation of new carboxylic acid functional groups, whose band is however overlapping with the amide group relative to the VCL comonomer. (Figure S2 (b)). Nevertheless, the integration of the ester group belonging to IA against the normalized peak corresponding to the C=O stretching in the VCL was performed, and allowed an estimation of degree of hydrolysis and thus the carboxy groups. Due to the uncertainty in the final molar values due to the band overlap, the amount of -COOH groups was determined by potentiometric titration, as shown in Table S2. The results show a partial hydrolysis of the ester moieties of around 50%. Since the two ester groups of IADME are not fully equivalent and possess different reactivity, these results suggest that the ester group further away from the C=C mostly undergoes the saponification process (pKa1= 3.84, pK= 5.55).23
The dry morphology of all microgels was determined by TEM (Figure 1 and Figure S3), whereas the swollen size was measured via DLS (Figure S7). The higher the amount of hydrolyzed comonomer, the higher the degree of swelling due to the hydrolysis. In fact, M4 is characterized by a DH = (392 ± 27) nm and the DH increases along the series until M13 (DH = (520 ± 26) nm). The DH relative to M15 is lower even though the amount of COOH moieties is higher as the still present ester groups still contribute significantly to the overall hydrophobic character of the chain.  The neutral gels are uniformly stained by the uranyl acetate, meaning that there is no charge accumulation within the gel. On the other hand, anionic microgels show a transition from a homogenous structure to a core shell one, consistent with what has been previously reported when using this synthetic sequence.26
Direct copolymerization of IA with VCL would lead to a more statistical microgel structure, which however wants to be avoided in the present study. In fact, having a more homogenous distribution of the anionic moieties would lead to temperature-induced aggregation of the gels in the presence of Ca2+ ions as previously reported in the literature.37 To prove their stability, the DH of the gels was measured over a period of 7 h at 32 °C, at a Ca2+ concentration 
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of 10 mM, showing no change in the size nor dispersity of the sample (Figure S5).
The resulting pseudo core-shell structure can be explained by the different reactivity of IADME compared to VCL. In the case of low molar ratio between the two comonomers (up to 15 mol% of IADME), even though VCL reacts slower, the higher content increases the probability to react and thus the microgels chemical composition results quite homogenous in the TEM images. By increasing the relative concentration of highly reactive monomer, IADME tends to accumulate to a higher extent within the core of the microgel structure, which becomes visible after hydrolysis in the TEM images. The accumulation of IADME within the core was shown in similar systems by Schachschal et al. via magic angle sample spinning (MAS) NMR.26 To determine the temperature and the pH responsiveness of the ionic microgel systems the DH in pure water was determined in function of temperature in the range of 10 to 50 °C and at different pH values, respectively (Figure S6 for temperature and Table S4 for pH). Increasing the IADME molar ratio leads to a decreased DH values due to an increased hydrophobic character of the formed polymer chains that compose the microgel. After having reached 30 mol%, the size does not significantly decrease any further, meaning that the hydrophilic contribution of VCL becomes negligible (Figure S6). The thermal responsiveness characteristic for VCL gels can be observed for the microgels containing up to 30 mol% of IADME (Figure S6a). After the hydrolysis of the microgels the DH was measured, showing an increase of size, due to an increase of hydrophilicity given by the anionic content and the internal chain repulsion expected by the presence of the negative charges. Their temperature responsiveness of the hydrolyzed microgel systems showed less abrupt de-swelling character compared to the neutral gel ones. The temperature dependent swelling diminishes with the increase IA content, until the microgel does not show any temperature related responsiveness anymore. The microgels loose completely their responsiveness towards temperature at an ionic content of 30 mol% (sample M15, Figure S6). In other words, the amount of comonomer has an influence on the degree of swelling rather the VPTT itself, which is retained around 32°C.
The swollen microgels structures were examined by different (dynamic and static) light scattering methods, which respectively give the hydrodynamic radius (RH) and the radius of gyration (Rg). The ratio between Rg and RH allows obtaining information about the density structure of a spherical object.39 As shown in Table S3, neutral gels show Rg/RH ratios going from 0.55 to 0.74, which increase along with the IADME molar content. The literature value typical for a hard sphere is 0.775, and in the case of microgels the value is generally considerably lower, due their porous structure.39 Microgels composed of more hydrophilic chains are expected to have values around 0.55, due to their high swelling. Increasing the hydrophobic content in the gel triggers the partial collapse of the chains, which subsequently has an effect on the Rg and RH ratio, which approaches the hard sphere model value. After the hydrolysis of the methyl groups, the microgel is composed of VCL, itaconic acid and the remaining IADME. The Rg/RH drops to a value around 0.40 for every corresponding gel, and shows the lowest values for the M4 and M7 samples, in which the hydrolysis has been more efficient, thus a more porous/inhomogeneous structure can be expected. The Rg/RH of the charged microgels were investigated at pH 3, in order to investigate the structural changes that the gels undergo when the protonation of the carboxylic acid groups takes place. The ratio results in higher Rg/RH values, which are consistent with the collapse of the microgel structure due to the protonation of the carboxylic groups together with the reduction of the repulsion given by the negative charges. Only one sample (M15) could not be measured as this sample aggregates at pH 3 in pure water.
Ca2+ triggered gel collapse. The DH of neutral and charged gels were first measured in the presence of a Ca2+ concentration of 10 mM, in order to show that the presence of -COO- groups is necessary to complex Ca2+ ions (Figure S4). Moreover, the DH of the neutral microgels were also determined to show that the de-swelling does not depend on the ionic strength of the solution but rather on the presence of divalent ions. As shown in Figure S4, only Mn microgels de-swell in the presence of Ca2+ ions, whereas the DH of Nn microgels remains unchanged despite the high Ca2+ concentration. Thence, the presence of the -COO- groups is fundamental for the divalent ions to bond, as shown by isothermal titration calorimetry (ITC) measurements in previous work of Eichenbaum et al.36 The release of monovalent ions when being replaced by divalent ones also increases the translational entropy of the whole system, promoting the uptake of Ca2+ ions.40   Moreover, Ca2+ acts as a cross-linker between the charged groups, as it can bond at least two -COO-, moieties, which on the contrary 
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Figure 2. DH of P(VCL-co-IA) (Mn) microgels measured at T= 10°C in water at different Ca2+ concentrations. 
monovalent ions like Na+ are unable to do.38 This additional cross-linking might force the -COO- groups to move closer and change the conformation of the polymer chains within the network, which will cause shrinking of the system. In addition, Ca2+ ions screen the negative charges, diminishing the electrostatic repulsion between the chains. The concentration range at which the microgels start to react to the presence of Ca2+ ions by collapsing and shrinking in size was determined by DLS at different Ca2+ concentrations (Figure 2) which varied within the physiological muscle resting/contraction range.28 For all gels, regardless of their molar composition, the minimum concentration to trigger gel collapse starts at concentrations higher than 0.1 mM and is completed after 1 mM. Remarkably, the gels do not shrink at the cytosolic concentration of a resting muscle cell, and undergo dramatic de-swelling at the physiological concentrations at which muscle contraction occurs. As it is apparent from Figure 2, the microgel systems are fully collapsed at a final concentration of 1 mM, and stay colloidal stable up to a 100 mM concentration of the divalent ions.
The degree of de-swelling is higher with increasing anionic content, as the amount of possible cross-links between the chains increases. Comparing these results with microgels 10 times bigger in size and macroscopic hydrogels, the amount of divalent ions necessary to trigger the gel collapse increases with the size of the gel and with the amount of charged groups.37
The DH of the microgels containing Ca2+ is larger than the one measured for the microgels at pH 3, in which the carboxylic groups are fully protonated. By comparing the radius of the protonated gels (Table S4), it is apparent how the presence of Ca2+ does not fully screen the negative charges, which are neutralized at low pH. This might suggest that the de-swelling of the system largely depends on the polyelectrolyte effect, rather than to a possible bridging between the -COO- groups and the Ca2+ ions. 
Quantification of Ca2+ uptake. The amount of Ca2+ bonded was determined via ion chromatography. The microgels were added to solution of Ca2+ in the range of the 
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Figure 3. Amount of Ca2+ ions bonded by a solution of 0.1 wt% of P(VCL-co-IA) (Mn) samples at room temperature according to the -COO- mol% of each microgel at three different initial Ca2+ concentrations (0.1, 1 and 10 mM).
gel collapse region, located between 0.1 and 1 mM, and in which would go from an excess of the IA content to an excess of the Ca2+ content (Figure 3). The measurements were performed with microgel with increasing -COOH content, containing up to 29 mol% of -COOH groups, and including a homopolymeric VCL microgel as the reference (N0). The reference microgel showed no bonding capability at all, whereas the microgel containing IA could retain Ca2+ ions, quantitatively in respect to the total amount of IA present, if we assume that the ion can bind from 1 to 4 -COO- groups, according to the flexibility of the chains bearing the groups and their freedom to optimize the coordination geometry.41-42 The microgels, regardless of their comonomer composition quantitatively take up all the Ca2+ ions present in solution, when the Ca2+ concentration remains below 0.5 mM. Above that concentration, the gels are saturated by the ions and are unable to bind the all the Ca2+ ions present in solution. Above 0.5 mM of Ca2+, the amount of Ca2+ bonded increases linearly with the IA content. As stated in previous works, Ca2+ can coordinate either 2 carboxylic moieties due to simple bridging between 

Table 1. Amount of –COOH groups in solution, Ca2+ ions bonded at pH= 7 and bonding ratio between the two.
	Sample ID
	[COOH]
(mM)
	[Ca2+]
(mM)
	[COOH]/[Ca2+]

	N0
	0.00
	0.00
	-

	M4
	0.10
	0.10
	1.00

	M7
	0.20
	0.25
	0.80

	M11
	0.32
	0.33
	0.95

	M13
	0.36
	0.38
	0.94

	M15
	0.42
	0.43
	0.97
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Figure 4. Amount of Ca2+ ions released by a 0.1 wt% P(VCL-co-IA) (Mn) microgel samples solution at different pH in pure water at room temperature.
polyelectrolyte chains or 4 -COO- for highly charged gels whose chains are less flexible caused by covalent cross-linking.
Since all studies are on highly charged acrylic acid based gels or microgels, it is difficult to discern if there is an actual contribution by other local groups or not, which would not really be possible for VCL based microgels. 
Unexpectedly in this case, the ratio between -COO- moieties and Ca2+ ions results to be always slightly lower than 1 (Table 1), outweighing the expected maximum ratio of 2 by almost a factor of 2.
This might be explained by the relative stiffness of the gels that are unable to provide the spatial presence of enough -COOH moieties to bond Ca2+. Eichenbaum et al. measured the bonding energy of Ca2+ ions with PAA microgels, and by using the Eisenman model for ion bonding selectivity, suggested that the microgels possess “weak field” bonding, in which the binding sites are partially hydrated.36 This suggests that weak binding occurs when the ions are sterically constrained in a highly cross-linked microgel, as for the case described herein, thus the strength with which the gels are able to bond Ca2+ ions decreases, and the bridging might not take place. However, due to extremely high affinity of Ca2+ towards -COO- groups, the microgels are still capable of taking up the metal ions, yet with a coordination number of 1.41 Moreover, the incomplete hydrolysis process that the ester groups undergo during the saponification process probably leads to the formation of a pendant side group in the chain carrying both an ester and a carboxy group. These particular chemical disposition is able to coordinate Ca2+ where only COO- is necessary. This results in the maximum loading ability that a charged gel can uptake pro functional binding site.
Release and leaching of Ca2+ ions. pH dependent DLS showed how the DH of the microgels at pH below the isoelectric point is smaller compared to the ratio of the DH of the Ca2+ containing gels. This suggests that the dehydration due to proton bonding is much higher, compared to the affinity to Ca2+. In order to determine the amount of Ca2+ ions released in function of the pH, ion chromatography was used. Initially, we measured the leaching of the gels, by subjecting to several cycles of washing with pure water at pH 7 (Figure S8). All microgels showed to retain the Ca2+ ions within time.
When the gels are subjected to pH 2 and 3, the gels release the up taken ions quantitatively, whereas at higher pH the 
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Figure 5. Uptake and release dynamics: (a) bonding and (b) release time of Ca2+ of a 0.1 wt% P(VCL-co-IA) (Mn) microgel samples at room temperature.
amount released decreases for pH 4 and they retain almost all Ca2+ at pH 5 (Figure 4). However, when comparing the amount release in function of the IA moieties, it is apparent how lower mol% of -COO- release a higher amount of of Ca2+.
Uptake dynamics. Studies of uptake and release in microgels are generally performed by using polyelectrolytes or small proteins such as CytC.23 The release times, regardless of the trigger used such as pH or temperature, span in hours, and quantitative release is normally achieved between 6 and 48 h.22-23 The quantitative release of Ca2+ ions in P(VCL-co-IA) microgels occurs in the range of seconds. Turbidimetry experiments were performed by the help of an automatized injector coupled to a SpectraMax® device. The gels with increasing anionic content were measured at three different Ca2+ concentrations, in the gel collapse region, so that the diffusion of ions within the network is made visible by the collapse of the 3D structure. This collapse increases the density of the microgel network, which scatters more light and consequently increases the turbidity of the solution, effect which is not only visible by the naked eye (Figure S9) but is it confirmed by the increase of Rg/RH ratio (Table S4). The collapse of the network reaches an equilibrium within a maximum of 5 seconds, in which we assume that all the Ca2+ has been bonded. This assumption is based on the fact that the added Ca2+ ions are in slight excess compared to the -COO- groups, and that a complete collapse of the gel is observed at ion concentrations located between 1 and 10 mM. Since there is no consistent difference between the collapse times of the gels according to the Ca2+ concentrations, we assume that the reaching of the plateau in the absorbance curve corresponds to the full coordination of Ca2+ within the gels. The change in absorbance observed in each experiment is not abrupt, and reaches a plateau smoothly, qualitatively showing how the network collapses whilst the ions are diffusing within (Figure S10). Until a mol% of 25% of -COO- the amount of time necessary to collapse the network increases with the -COO- mol%, as expected, and all three Ca2+ concentrations are sufficient to monitor the network collapse. Consistently, higher mol% of the charged groups requires a higher time to allocate all Ca2+ ions, as the divalent ion has to diffuse within the gels and coordinate them. Comparatively, the amount of Ca2+ concentration has no significant impact on the bonding times even though the available Ca2+ for bonding is higher around the gel. This suggest that the kinetic is merely diffusion driven.
When it comes to M15 instead, only concentrations of Ca2+ 10 and 1 mM are sufficient to trigger the microgel collapse, and no change in absorbance is observed for concentrations of 0.1 mM. This can be explained by a possible different functional group distribution, where the -COO- are rather more concentrated within the core of the microgel, visualized by TEM (Figure S4), and thus the de-swelling of the network triggered by ion bonding is much faster compared to the rest of the microgels.
The release of Ca2+ ions was performed by loading the microgels samples and subjecting them to one cycle of washing via centrifugation to ensure that no excess Ca2+ ions are left in solution. The turbidimetry measurements were performed by adding an acidic solution of HCl for a final pH of 3. The de-bonding pH was chosen to be 3 as at higher pH the release % is not quantitative and would lead to a lesser degree of absorbance change. When looking at Figure 5b, all microgel systems show fast de-bonding dynamics, ranging from 1 to 5 s, according to the -COO- molar content, with the exception of M15, with a -COO- content of 15 mol%. Microgels M4-M13 de-swell further by the addition of acid with a comparable speed at which they de-swell in the presence of Ca2+, whereas M15 requires almost 20 s to de-swell, indicating a different internal structure compared to the rest of the gels.

CONCLUSION
In this study, we present the quantification of divalent ion uptake and release of thermoresponsive poly(N-vinylcaprolactam-co-dimethylitaconate) (P(VCL-co-IADME)) anionic microgels with the dynamics of the Ca2+ ion bonding and de-bonding. In summary, we introduce the concept divalent metal ions not only can serve as a trigger to change the size and conformation of a gel, but can also be loaded within the microgels and instantly be released upon a pH trigger. The microgels are designed to retain the ionic cargo overtime unless the pH is varied to protonate the Ca2+ coordination sites. Neutral gels were first synthesized and fully characterized for their chemical and physical structure and used as reference system towards the ionic gels. Each neutral gel was subsequently hydrolyzed to form anionic gels with different degrees of anionic content whilst retaining some hydrophobic moieties to ensure stability against spontaneous aggregation. Each anionic microgel was also fully characterized for its composition, structure and responsiveness towards temperature, pH and divalent ion concentration. The swelling and collapse of the microgels in the presence of divalent ions, such as Ca2+ was first investigated, to optimize the conditions at which uptake and release studies were performed. Remarkably, the loading conditions were within the cytosolic muscle contraction concentration, and the microgels resulted stable even at higher concentrations up to a -COO- mol% of 29%. The microgels were then loaded with Ca2+ ions at ambient conditions and the amount of coordinated Ca2+ was determined. Due to the special chemical composition distribution in these gels and their relative low amount of charged moieties compared to pure PAA microgels, the resulting coordination number of Ca2+ was equal to 1 instead of the expected 2 or 4. The release experiments were conducted at pH 2, 3, 4 and 5. Quantitative release was obtained at pH 2 and 3, whereas only partial release according to the amount of –COO- moieties and minimum release was observed for pH 4 and 5.  These results showing how the release is influenced not only the amount of protons present in solution, but also by the amount of total ionizable groups, thus the release can be fine-tuned for the desired applications. Finally, the dynamics of bonding and de-bonding were investigated, revealing fast dynamics of uptake and release, which opens the way for those gels for sensing applications, desalination membranes and application in synthetic biological systems. The same method proposed within this work can be further widened to more divalent cations with biological relevant activity, such as Mg2+ and Cu2+, and trivalent ions such as Fe3+.
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