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1. Abstract
Research in the area of new nanomaterials has been given high priority as having an enormous economic potential. Due to marked antimicrobial effect, silver nanoparticles (AgNPs) are one of the most commercialized and successfully exploited nanomaterials in a wide range of medical and consumer products. 
In biological and environmental compartments, AgNPs undergo different transformations including  interaction with organic molecules, such as proteins, and dissolution. Hyphenated systems consisting of capillary electrophoresis (CE) coupled to sensitive element detection like ICP-MS can be considered as the promising methods for speciation analysis of AgNPs. Here, we investigated applicability of different CE methods hyphenated to ICP-MS for speciation of AgNPs in biological systems. 
The paper presents approach to analyze species formed in interaction of AgNPs with metallothionein (MT) as model protein. As AgNPs might be coated by MTs in bio-fluids, we installed first a CE-speciation method for MT-1 and MT-2. Although this separation was successful, no reproducible and well separated peaks for AgNPs or Ag+ were achieved. Therefore, we focused on developing methods for separating MT-1, MT-2, Ag+ and AgNPs. Several buffer conditions were tested to improve their separation and to minimize Ag-sticking to capillary walls. All compounds of interest in this paper, i.e. MT-1, MT-2, Ag+ and AgNPs, were well separated from each other using tetramethyl-ammoniumhydroxide as electrolyte. In mixed samples, we observed Ag+ being completely associated with MT-1, while Ag+-association with MT-2 was less: The highest quantity of Ag+ was associated with a compound having low Cd-concentration, while another relevant fraction was bound to MT-2. Free Ag+ was also seen in minor amounts whereas another Ag-peak at 8.13 min remains unknown. Most AgNPs remained free. AgNPs were only little associated with MT-1, the latter being split into two peak signals, whereas association with MT-2 was high. Only 15% of AgNPs remained unbound. 
We demonstrated CE hyphenated to the ICP-MS as promising and elegant technique to study AgNPs in biological systems.
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2. Introduction
Silver nanoparticles (AgNPs) are the most common and prominent metal-based nanotechnological tools present in many different types of consumer products [1-4]. Their rapid and steady growth in commercial applications inevitably increase their release and exposure in both the general population and the environment [2]. 
Biocidal activity of AgNPs is mediated by both nano and ionic forms of Ag [5-11]. Noteworthy, oxidation of AgNPs (in air)  results in Ag+ ions release but also reverse formation from Ag+  has been observed in biological and environmental media [3, 12-16]. In addition, AgNPs may undergo transformations by adsorption of different molecules present in complex physiological or environmental matrices onto the AgNPs surface forming the so-called ‘biomolecular corona’ [3, 14, 17]. Native AgNPs, coronated AgNPs and various dissolved Ag-forms, e.g. Ag+, have to be considered as different Ag-species, connected to different toxicological risk [18-20]. 
Speciation of AgNPs in biological and environmental matrices at relevant concentrations is quite challenging due to the “sticky” nature of silver and difficulties in separation of nanoparticulate from ionic Ag forms. Traditionally used methods for such separation include ultracentrifugation, ultrafiltration, and dialysis, but problems arise from sorption of Ag to membranes and long running times required for separation and analysis of different Ag-species [21]. To date, a number of different techniques are developed for speciation of metallic NPs including cloud point extraction (CPE), size-exclusion chromatography (SEC), high performance liquid chromatography (HPLC), field-flow fractionation (FFF) and density-gradient centrifugation [22-26]. Most of these methods are hyphenated with inductively coupled plasma mass spectrometry (ICP-MS) to allow quantification and elemental detection [1, 27-31]. Emerging techniques such as single particle ICP-MS (spICP-MS) and asymmetrical flow FFF coupled with the ICP-MS (AF4-ICP-MS) are quite promising, but they are complex to operate and standardize [32, 33]. spICP-MS can differentiate between AgNPs and dissolved silver, but parallel Ag speciation of different soluble Ag species or of bio-molecule-coronated AgNPs is impossible.  In addition, all above mentioned techniques may be limited by unwanted losses of AgNPs in separation instrumental parts, expenses of analyses, limited applicability to complex matrices, and accurate detection of small AgNPs [34, 35]. It is well known that speciation of AgNPs and Ag+ is a challenge according to low recovery and irreversible binding to stationary phases in chromatography [36, 37]. Additionally, the necessity for separation of AgNPs from Ag+ is given by the fact that AgNPs are prone to oxidation and can release Ag+ ions into surrounding sample matrix [38-40]. Capillary electrophoresis (CE) is promising technique to overcome AgNP-related challenges, already demonstrated for quantification of AgNPs and Ag+ by several groups [1, 41-44]. CE has proven strong potential for analysing nanomaterials in even many kinds of consumer products without extensive sample preparation [41]. Advantages of CE include cost-effectiveness, small reagent volumes, minimal waste, high resolution in separation and its capability and accuracy in separation of complex mixtures of analytes, including the pristine NPs, biologically or environmentally aged NPs and the corona compositions on the NPs surface [21, 45, 46]. Furthermore, main problems with chromatographic techniques, being assigned to interaction and sticking of Ag+ or AgNPs to stationary phases [47], are reduced in the CE since capillaries are open-tube systems without stationary phases. Nevertheless, interaction of AgNPs can appear also with the capillary walls and should be reduced for improved analysis. Therefore, we aimed to develop a CE-based analytical approach for studying interactions of AgNPs within biological matrix employing polyvinylpyrrolydone (PVP)-coated AgNPs and metallothioneins (MTs) as model system. The MTs are circulating with blood and consequently are present in the whole organism, with highest concentration in liver and kidney. They are small metal-binding proteins having multifunctional roles in the metal homeostasis, physiological relevance and the capability to interact strongly with metals due to the high number of thiol-groups [48]. Interaction of AgNPs with MTs specifically in MT-rich tissue such as liver or kidney has been already reported [48]. Therefore, MTs can be considered as valuable model proteins for such investigations even in real world samples.
In our first approach we installed a CE-speciation method for MT-1 and MT-2 separation on our hyphenated CE-ICP-MS system based on a work previously published by Llamas et al. [49]. Although, MT-1 vs. MT-2 separation was successful, attempts to get reproducible and well separated peaks for AgNPs or Ag+ failed. Therefore, we focused the ambition of this paper on developing a capillary zone electrophoresis (CZE) method for separation of MT-1, MT-2, Ag+ and AgNPs. Several buffer conditions were checked to improve separation of these compounds and minimizing Ag-sticking to capillary walls. Finally, CZE coupled to the ICP-MS revealed as an exciting new tool to study interaction of the AgNPs at the nano-bio interface.

3. Experimental
3.1. Chemicals
NH4NO3, PVP, NaBH4, tetramethyl-ammoniumhydroxide (TMAH), HCl suprapure and HNO3 were purchased from Merck, Darmstadt, Germany. HNO3 was purified by subboiling destillation. Argonliqud was purchased from Air-Liquide, Düsseldorf, Germany. All solutions were prepared by using MilliQ® water. AgNO3 was bought from the CPI international (Amsterdam, The Netherlands). Standard compounds MT-1 and MT-2, cysteine (CYS) and glutathione (GSH) were supplied from Merck (Sigma) Darmstadt, Germany.  Stock solutions of MTs (from rabbit liver) were prepared by dissolution of MT powder in 1 mL MilliQ®water at 300 nmol/l, whereas 500 mM solutions were prepared for CYS and GSH by dissolving appropriate amounts in 50 mL MilliQ® water.

3.2. Synthesis and characterisation of silver nanoparticles
Silver nanoparticles were synthesized by reducing AgNO3 with NaBH4 in the presence of PVP. Briefly, the solutions of capping agent, i.e. PVP, were prepared by dissolving appropriate amounts of PVP in MilliQ® water to a final concentrations of 75 mM. Then, 9.2 mL of 50 mM AgNO3 was added dropwise and dissolved by constant stirring on IKA RCT basic magnetic stirrer plate (IKA Werke, Germany). To this solution, a 2 mL of 0.4 M NaBH4 solution was added dropwise (about 1 drop/sec.). The reaction mixture was mixed vigorously at room temperature for 45 min. After the synthesis, silver colloid was centrifuged at 20 000 × g for 20 min. After decanting the supernatant, the residue was resuspended in MilliQ® water and kept at 4 °C in the dark.
The formation of nanosized particles was verified by the presence of a Surface Plasmon Resonance (SPR) peak measured using an UV-Vis spectrophotometer (CARY 300, Varian Inc., Australia). Careful characterization of AgNPs was conducted by means of dynamic (DLS) and electrophoretic light scattering (ELS) methods, transmission electron microscopy (TEM), and measurement of free Ag+ ions in colloidal AgNPs solution.
To investigate the effect of different test conditions on stability and aggregation behaviour of the AgNPs, measurement of size distribution by volume,  potential values, SPR peaks, and % of dissolved Ag+ fraction was performed in 6 different media: (i) MilliQ® water, (ii) 70 mM Tris buffer pH 7.5, (iii) 1 M NH4NO3 pH 6, (iv) 0.5 M GSH in 1 M NH4NO3 pH 6, (v) 1 M CYS in 1 M NH4NO3 pH 6, and (vi) 70 mM TMAH. These media were used throughout CZE study as inlet buffers or background electrolytes. Dispersion experiments were performed by adding 0.1 mL of AgNPs stock suspension (1000 mg/L) to 10 mL of the test media. Thus, approximate final AgNPs concentration was 10 mg/L. All parameters were monitored 1 h after dispersion of AgNPs in particular test system.  The aim was to ascertain whether there is an agglomeration and/or dissolution of AgNPs in different media, since the properties of agglomerated and individual AgNPs may significantly differ. The size and charge of AgNPs were measured at 25 °C by DLS and ELS at 173° using Zetasizer Nano ZS (Malvern, UK) equipped with a green laser (532 nm). To avoid overestimations arising from the scattering of larger particles, the hydrodynamic diameter (dH) was obtained as a value at peak maximum of size intensity distribution function. Size values are reported as an average of 10 measurements. The charge of the AgNPs was characterized by  potential values, which was calculated from the measured electrophoretic mobility by means of the Henry equation using the Smoluchowski approximation. Each sample was measured 6 times and the results are expressed as average value. The data were processed by the Zetasizer software 6.32 (Malvern Instruments). In addition, AgNPs were visualized using a transmission electron microscope (TEM, Zeiss 902A) operated in bright field mode at an acceleration voltage of 80 kV. Images were recorded with Canon PowerShot S50 camera attached to the microscope. TEM samples were prepared by depositing a drop of the particle suspension on a Formvar® coated copper grid and air-drying at room temperature.
Total silver concentrations in AgNPs colloidal suspensions were determined by an analysis of total Ag content using an Agilent Technologies 7500cx inductively coupled plasma mass spectrometer (Agilent, Waldbronn, Germany). Samples were prepared by simple dilution in 20% (v/v) HNO3. A silver standard solution (1,000 mg/L in 5% (v/v) HNO3) from Merck (Darmstadt, Germany) was used for calibration.
The possible AgNPs dissolution in different test media was determined by measuring the free Ag+ ions using centrifugal ultrafiltration (Millipore Amicon Ultra-4 3K) through a membrane with a nominal molecular weight limit of 3 kDa. Suspensions were centrifuged for 30 min at 15000 × g (Eppendorf Microcentrifuge 5417R, Eppendorf AG, Hamburg, Germany). The Ag concentration in the filtrate as determined by ICPMS was related to the Ag concentration before ultrafiltration to calculate dissolved Ag fraction.

3.3. Samples and sample preparation for capillary electrophoresis
MT-stock solutions were diluted 1: 2 to result in 150 nM [50] with MilliQ® water. AgNO3 and AgNP stock solutions were diluted with respective background electrolyte to an Ag concentration of 100 µg/L.
Liver extract was obtained from the male Wistar strain rats that were raised in a breeding colony at the Institute for Medical Research and Occupational Health in Zagreb, and were used in experiments at the age of 3 months. Animal care and handling were conducted in conformity with Institutional guidelines that comply with international laws. Prior to the start of the study, the research protocol was approved by the Institutional Ethics Committee and by the Croatian Ministry of Agriculture. At necropsy, pieces of the largest liver lobes were sampled using a ceramic knife and processed for preparation of liver homogenate. Briefly, tissues were weighed and homogenized in 1 volume of homogenization buffer (0.1 M potassium phosphate buffer, pH 6.8) to prepare 10% (w/v) homogenates, which were stored at - 80 °C until analysis.

3.4. Capillary zone electrophoresis
A "Prince 706” CE system from Prince Technologies B.V. (Emmen, The Netherlands) was used for the CZE separation. The temperature for sample/buffer tray and capillary was set to 20 oC by air cooling. 
The capillary was bought from CS-Chromatographie Service GmbH (Langerwehe, Germany). The dimensions of the uncoated capillaries were 90 cm x 50 µm ID for hyphenation to the ICP -MS.
Before each run, the capillary was purged with 1 M TMAH (100 s, 4 bar) and subsequently with background electrolyte (100 s, 4 bar). For method optimization different background electrolytes and partly buffer “sandwiches” consisting of leading electrolyte, sample and terminating electrolyte were injected into capillary. Data about types of electrolytes and injection modes are presented in Table 1. Pressurized sample injection was performed at 100 mbar for 10 s. The starting separation method was based on a CZE separation method for MTs isoforms [49] as AgNPs were supposed to be associated with MTs in liver and kidney extracts from AgNP treated rats [48]. Although MT isoforms from standard solutions were separated, we were unable to distinguish standard solutions of AgNPs from Ag+ provided as AgNO3. Therefore, further optimization of separating electrolytes was necessary. To reach a satisfactory separation of Ag+ from AgNPs, 20 mM HNO3 was used as BE first to improve solubility of AgNO3 [51]. 
Table 1:
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Since such low pH electrolytes might cause stability problems and dissolution to AgNPs species, a parallel approach was planned with an electrolyte containing high concentrated NO3-ions as NH4NO3 at pH 6. NH4+ was chosen as the counter-ion to NO3- since it is well tolerated by ICP-MS. A third strategy followed the findings from Trapiella-Alfonso et al. [46, 52] and Soriano [46, 52], who reported minimization of the Ag-wall-interactions by coating AgNPs with sulfur-containing ligands such as CYS or GSH. Finally, we investigated separation at strong basic condition with TMAH and invers polarity since those conditions promised reduced Ag sticking to capillary and less memory effects. To overcome prolonged analysis time caused by the long capillary (necessary to bridge from the CE-instrument to ICP-MS (90 cm)) a supporting pressure at inlet was applied, which was increased in the final method. Conditions of consecutive approaches are listed in Table 1.


3.5 Coupling of CZE to the ICP-MS.
During CZE-ICP-MS hyphenation, a micro-mist nebulizer (100 µL), fitting into a cyclone spray chamber, was installed. For coupling of the CZE to the ICP- MS, a T-piece made from polyethylene was used. The left end of the timber of the “T” was mounted at the nebulizer while the CE capillary entered at its right end, moving through the timber and ending at the nebulizer capillary. In analogy to our previous work [53], the positioning of the CE capillary was not critical with respect to signal response and stability. Due to the nebulizers aspiration, an auxiliary flow was introduced via the bottom-arm of the T-piece, flowing coaxially around the CE capillary to the nebulizer. Another T-piece was installed in the auxiliary flow line for introducing the grounded outlet electrode into the sheath electrolyte flow. This set-up provided the electrical connection between CE capillary end and outlet electrode. The self-aspiration mode allowed for best flow rate adjustment and reduced (avoided) suction flow. Nitric acid (20 mM) was used as the auxiliary liquid. Detection limits for Ag-compounds were 0.06 - 0.1 µg/L depending on the background electrolyte.

3.6 Inductively coupled plasma mass spectrometry (ICP-MS) as CZE detector
A NexIon 300 D, Perkin Elmer (Sciex, Toronto, Canada) was employed as ICP-MS system for the on-line monitoring of CE-efflux at the isotopes 107Ag and 111Cd in the chromatographic mode. The RF power was set to 1250 W, the plasma gas was 16 L Ar/min. The nebulizer gas was optimized and finally set to 0.98 L Ar/min. The dwell time was 50 ms. 

4. Results and Discussion

4.1. Characterization and stability evaluation of AgNPs
Evaluation of characteristics and dispersion behaviour of PVP-coated AgNPs in different media was performed using DLS, ELS, TEM, ultracentrifugation and ICP-MS techniques (Table 2 and Figure 1). The PVP was used for stabilization of AgNPs for two reasons: it is one of the most frequently used stabilizing agent for AgNPs [54] it is neutral polymer that is not interferring significanty with the CE system. The UV-VIS absorption spectrum of the suspension showed a SPR peak at a wavelength of 429 nm, which is consistent with classical Mie theory for NPs [55]. DLS measurements in MilliQ® water showed that size distribution of AgNPs was monomodal with average dH value at 31.1 ± 3.2 nm (Table 2). Visualization by TEM confirmed DLS data and evidenced spherically shaped AgNPs (Figure 1A). The ELS data showed that PVP-coated AgNPs in MilliQ®water were characterized by  potential of -33.2 ± 1.3 4.2 mV (Table 2) indicating good colloidal stability. Although PVP is neutral polymer, negative  potential of AgNPs may be explained by the use of NaBH4 as reducing agent in the AgNPs synthesis leading to the adherence of BH4- anions to the AgNPs surface. The  potential is related to the electrical potential between the diffuse ion layer surrounding the AgNPs and the bulk solution. Thus, the high absolute  potential value enables repulsion between the AgNPs and provides colloidal stability of the NP dispersion [56]. Low polydispersity index (PdI), determined as 0.04 in MilliQ® water, was additional evidence of highly stable and monodisperse AgNPs colloidal solution. Release of Ag+ from the AgNPs surface in the MilliQ®water was determined to be [image: ] 0.8% of the total Ag (Table 2). Similar characteristics for AgNPs were observed in two additional media: 1 M NH4NO3 pH 6 and 70 mM TMAH (Table 2, Figures 1C and 1F, respectively).  This means that PVP-coated AgNPs retained their instrinsic colloidal properties in these media. However, the addition of CYS or GSH to the 1 M NH4NO3 pH 6 significantly decreased ζ potentials to -9.6 ± 3.1 4.2 mV or -18.2 ± 1.9 mV, respectively (Table 2). As a consequence, colloidal stability of AgNPs decreased leading to significant agglomeration, which was evidenced also by TEM captured for AgNPs dispersed in 1 M CYS/1 M NH4NO3 (Figures 1E) or in 0.5 M GSH/1 M NH4NO3 (Figures 1E). The presence of CYS or GSH in the 1 M NH4NO3 pH 6 also slightly increased dissolution behaviour of AgNPs increasing the % of measured free Ag+ by 0.6 and 0.4, respectively, as compared to the MilliQ® water (Table 2). Interestingly, immersion of AgNPs in the 70 mM Tris buffer pH 7.5 did not significantly change the ζ potential value, but dH value also increased to 53.4 ± 2.3 nm. The reason could be increased dissolution as compared to other tested media, which can be also seen on recorded TEM images (Figure 1B). Dissolved Ag+ may attach to the AgNPs surface neutralising repulsion forces that arise from the attached BH4-, and consequently leading to the aggregation as seen also in TEM images.

Table 2.
Thus, PVP-coated AgNPs maintained their stability in the 1 M NH4NO3 pH 6 and 70 mM TMAH, slightly aggregated in the 70 mM Tris buffer, but significantly agglomerated after addition of CYS or GSH to the 1 M NH4NO3.

4.2. Capillary electrophoresis experiments
Our investigations on AgNPs speciation were planned and performed stepwise. In a first step, experiments aimed for separating MTs isoforms 1 and 2, since AgNPs were supposed to be coated with MT layer in biological fluids according to Liu et al. [48].  Consequently, we started with adopting and checking the MT-1/MT-2 –separation method from Llamas et al. [49] with our hyphenated CE-ICP-MS. The standards MT-1 and MT-2 were well separated as demonstrated in Figure 2A. However, such separation is typically more critical in a real, matrix-rich sample. Therefore, we used additionally a liver extract containing both MT isoforms.  Since Cd is ubiquitous, background exposure from general environment, feed or dust in cages typically occurs. Therefore, MTs from liver always are carrying Cd aside from Zn and Cu, however, with Cd being the more selective metal for MT-detection.  In Figure 2B the separation of both MT-forms is shown in liver extract. Here too, MT-1 and MT-2 were detected and clearly separated from each other as indicated by respective Cd peaks (Figure 2B, black trace). 
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Figure 1.
[image: D:\daten\PUBLIC\Manuskripte\CE-paper-divers\AgNP-MT method optimization\Prep Sub 1\Figure 1_7-5-18.tif]


Figure 2.
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As a next step, the interaction of AgNPs with MTs were examined. Results demonstrated that AgNPs interacted only slightly with both MT-forms after dispersion in the liver extract (Figure 2B). This is demonstrated by respective small Ag peaks (blue trace) migrating in parallel to Cd signals, whereas the majority of AgNPs appeared shortly after MT-2 in a broad, tailed peak (Figure 2B, blue trace). Complementary to AgNPs, Ag+ was examined regarding the possible interaction with MTs and regarding a clear differentiation from AgNPs. Unfortunately, electropherograms of liver extracts with AgNO3 were even worse than those with AgNPs. The electropherograms were entirely noisy with a broad hump, containing a peak signal parallel to MT-2 but a tailing covering completely the migration time of AgNPs (Figure 2B, red trace). In summary, AgNPs were badly focused and Ag+ was even distributed over a hump lasting about 1.5 minutes using this method, probably due to wall-interactions with Ag. Contrary to MT-1 and MT-2, which were clearly separated, AgNPs and Ag+ could not be separated at all under these experimental conditions, i.e. method 1 as described in Table 1. Based on that unsatisfactory situation, we aimed to optimize method conditions for a clear separation of Ag+ from AgNPs.
To reach a satisfactory separation of these Ag species, the variation of CE electrolytes and/or pH appeared promising, specifically for eliminating Ag – wall interactions and improving focusing of Ag-species. According to [51], Ag - wall sticking could be reduced by using an optimized solute. HNO3 is known as the optimal solvent, but it may also cause stability problems to AgNPs. Therefore, a parallel approach was planned with high concentration of NO3- ions presented as NH4NO3 at pH 6, described as method 2 (Table 1). NH4+ was chosen as the counter-ion to NO3- since it is well tolerated from ICP-MS. A third strategy followed the findings from [46, 52], who reported about minimizing Ag-wall-interactions by coating AgNPs with sulfur-containing ligands such as GSH or CYS. This strategy is described in methods 4 and 5, respectively (Table 1). 
Figure 3 shows typical electropherograms from the HNO3-set-up. AgNO3 resulted in a clear, sharp main-peak at 6.06 minutes, followed from a second, small signal at 6.25 min. Contrary,  AgNPs appeared as a multi-peak structure of sharp, separated peaks around 3.5 min, with some remaining Ag, which could be monitored after applying 800 mbar (starting at 5 min) at capillary inlet. The Ag+ peak was monitored reproducibly in consecutive runs, whereas from run to run AgNPs showed changing peak patterns around 3-4 min and electropherograms were practically irreproducible due to the AgNPs instability in 0.15 M HNO3. It is well known that AgNPs may be easily dissolved in such acidic media. The multi-peak structure might be further explained by findings from Martin et al. [57], who reported about AgNPs aggregation under acidic condition. They also observed a run-to-run variation, which is coincident with our observation of low reproducibility of AgNPs electropherograms. 

Figure 3.
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Liu et al. [58] reported complete Ag+ separation from incompletely separated AgNP peaks related to different sizes of AgNPs. The electropherogram in their paper roughly looks similar to that we found (Figure 3B). Thus, we may assume that irreproducibility of AgNPs electropherograms under HNO3 condition originates from partial dissolution of AgNPs and subsequent aggreagtion behaviour leading to particles of different sizes, which were separated by the CE.

Our next approach with 1 M NH4NO3 as electrolyte (method 3 in Table 1) did not improve separation results: Ag+ again showed an electropherogram with a major peak followed by a small one at around 2 minutes, while AgNPs electropherograms were even worse than with previous method 2. There were many peaks monitored along the entire electropherogram, which, however, were not reproducible. According to the DLS results and TEM images (Table 2 and Figure 1B), aggregation behaviour could not be the reason for observed irreproducibility. However, ELS measurements showed z potential value of -21.4 ± 6.3 mV for AgNP in 1 M NH4NO3 pH 6, which is ~ 10 mV lower than the value observed in MilliQ® water.  This may indicate attachment of NH4+ cations on the AgNPs surface leading to formation of different species, especially if additional increased dissolution is taken into consideration (Table 2).
The next attempt using sulfur-containing ligands for eliminating wall interactions provided successfully focused Ag+ and AgNPs signals. GSH and CYS, used in methods 4 and 5, respectively, resulted in an analogous electropherograms. However, as shown in Figure 4 for CYS, even for Ag+ several side-peaks were monitored that were distinguished from the main peak. Apparently, several different Ag-CYS-complexes seemed to be generated. Furthermore, consecutive runs for AgNPs again did not resulted in reproducible electroherograms with peaks being irregularly distributed. Moreover, the main part of AgNPs was detected in a sharp peak when flushing the capillary with alkaline TMAH. Similar observation was obtained for the method with GSH. Such AgNPs electroherograms can be easily explained by massive agglomeration behaviour of AgNPs either in the 0.5 M GSH/1 M NH4NO3 or in the 1 M CYS/1 M NH4NO3 as observed by DLS, ELS and TEM (Table 2 and Figure 1).



Figure 4.
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Specifically, the last finding together with the observation that the regular capillary purges with TMAH produced Ag-peaks after each run led to the conclusion that each of the previous attempts could not avoid Ag sticking to capillary walls completely. This finding was also supported by the paper of Martin et al. [57], who finally selected an alkaline electrolyte at pH 9.3. Therefore, we investigated separation at strong basic condition with TMAH and invers polarity, described as method 6 (Table 1). 

Figure 5.
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Under these conditions, Ag+ and AgNPs were focused and separated from each other within around 8 min. Both compounds remained stable, as demonstrated in Figure 5A. AgNPs produced only one single peak at 8.03 min, and for the Ag+ in the form of AgNO3 standard, a sharp main peak at 7.11 min was observed. Specifically, no irreproducible electropherograms and ghost peaks, as observed with our previous attempts, were detected. This was due to the capillary cleaning capability of TMAH, which prevents from Ag-sticking during runs. In addition, colloidal stability of AgNPs in 70 mM TMAH was preserved as evidenced by DLS, ELS and TEM measurements (Table 2 and Figure 1C). Subsequently, separation of MT-1 and MT-2 under these alkaline conditions was also tested. Results presented in Figure 5B demonstrates that MT-Cd standards produced sharp, well separated peak signals at migration times different than for Ag-species. Migration time peak area repeatability is shown in Table 3.

Table 3
Repeatability (migration time and area) of AgNO3, AgNPs, MT-1 and MT-2.
[image: ]
Based on the above successful separations by using method 6 (Table 1), we finally tested possible interactions of Ag+ and AgNPs with MT-isoforms. The results are shown in Figure 6. Ionic Ag form was completely associated with MT-1 (Fig. 6A), whereas a completely different behaviour was observed with MT-2 (Fig. 6B): About 7% of Ag+ remained unbound (peak at 7.11 min) and only 12% were associated with MT-2. The major part (30%) was associated with a low concentrated Cd-containing compound at 11.52 min, probably a MT-2-aglomerate, aside from another unknown peak at 8.13 min containing 4% of Ag. The situation for AgNPs was again quite different. When interacting with MT-1 the related Cd-signal was split into two peaks. The second peak is probably related to an association of two MT-1- and AgNPs.  Both Cd-peak signals are associated only in low amounts with Ag (22 % at MT-1, 18 % at second peak, Fig. 6C), whereas 60% of Ag remained unbound at AgNP-specific migration time. The association of AgNPs with MT-2 resulted in 85 % AgNPs being associated with MT-2, while only 15 % remained free (Fig. 6D). These results point to a preferred coating of AgNPs by MT-2, but less by MT-1. Conversely, Ag+ was much more associated with MT-1.

[bookmark: _GoBack]Figure 6
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Conclusion
Method development for separation of Ag+, AgNPs, MT-1 and MT-2 was described. This step-by step approach followed possible buffer combinations suggested in literature to solve some of the problems we observed. The final method used strong alkaline condition and negative polarity. The high pH value and use of TMAH prohibited Ag-sticking to capillary walls, preserved AgNPs stability and allowed the separation of investigated compounds. Contrary to the pre-final methodical approaches, no longer irreproducible electropherograms were observed. This was due to the capability of the TMAH electrolyte to clean the capillary surface during purging before analysis and to keeping analytes stable during separation. Finally, co-elution of MT isoforms and Ag-species were elucidated. This showed Ag+ being fully associated with MT-1 and only partially with MT-2, while AgNPs association  was weak with MT-1 but very intense with MT-2. 
Our methodological approach demonstrated that CE hyphenated to the ICP-MS is promising and elegant technique to study AgNPs in biological systems.
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