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Abstract
Cationic polyethylene-imine conjugated gold nanoparticles (AuNP-PEI) are a widely studied vector for drug delivery and an effective probe for interrogating NP-cell interactions. However, an inconsistent body of literature currently exists regarding the reproducibility of physico-chemical properties, colloidal stability and efficacy for these species. To address this gap, we systematically examined the preparation, stability and formation mechanism of PEI conjugates produced from citrate-capped AuNPs. We considered the dependence on relative molar mass, Mr, backbone conformation, and material source. The conjugation mechanism of Au-PEI was probed using attenuated total reflectance FTIR and X-ray photoelectron spectroscopy, revealing distinct fates for citrate when interacting with different PEI species. The differences in residual citrate, PEI properties, and sample preparation resulted in distinct products with differentiated stability. Overall, branched-PEI (25 kDa) conjugates exhibited the greatest colloidal stability in all media tested. By contrast, linear-PEI (25 kDa) induced agglomeration. Colloidal stability of the products was also observed to correlate with displaced citrate, which supports a glaring knowledge gap that has emerged regarding the role of this commonly used carboxylate species as “place holder” for conjugation with ligands of broad functionalities. We observed an unexpected and previously unreported conversion of amine functional groups to quaternary ammonium species for 10 kDa branched conjugates. Results suggest that the AuNP surface catalyses this conversion. The product is known to manifest distinct processes and uptake in biological systems compared with amines, and may lead to unintentional toxicological consequences or decreased efficacy as delivery vectors. Overall, comprehensive physico-chemical characterization (tandem spectroscopy methods combined with physical measurements) of the conjugation process provides a methodology for elucidating the contributing factors of colloidal stability and chemical functionality that likely influence the previously reported variations in conjugate properties and biological response models.
1. Introduction
Based on their lack of toxicity,1,2 unique physico-chemical properties,3 and facile surface modification,4 gold nanoparticles (AuNPs) remain the most promising nanomaterial for many biomedical applications.5,6 Beyond this conceptual statement, in recent years, remarkable results regarding biomedical applications of AuNPs have been demonstrated for sensing,7-10 imaging,11-15 and therapeutics.16-21 The fate and efficacy of AuNP-based technologies in biological systems is driven largely by interfacial interactions between the local environment and the NP surface (functionality), where surface functionality contributions of NPs have been recently reviewed.5 For therapeutics, in particular, cationic (positively charged) AuNPs are of interest in view of biochemical delivery related to their cellular uptake22-24 and gene transfection20,25-30 efficacies. These properties are related to the cationic nature of positively charged AuNPs, which drive electrostatic approaches to negatively charged biological entities (such as cells). Among the many cationic coating materials, polyethyleneimine (PEI) is one of the most studied polycations due to its attractive intrinsic characteristics including water-solubility, complex formation with metal ions31 and/or anionic polyelectrolytes,32 and most interestingly for biological applications, gene transfection/delivery efficiency.33 Hence, a significant body of work exists on PEI conjugated AuNPs (Au-PEIs).29,30,34-43 Although the results of Au-PEIs with respect to their preparation,34-37 including layer-by-layer (LBL) assembly,38-40 properties,44-47 and biological activities,29,30,34,39-43 have been discussed at length in the literature, a knowledge gap still exists regarding the role of PEI structure, size (relative molar mass, Mr) and preparation methods with respect to the response and stability in different media. Furthermore, anecdotal evidence from attempts in our laboratory to replicate published procedures for generating Au-PEI conjugates, as well as other types of biologically active cationic AuNPs, have yielded results that are frequently inconsistent with the published reports in terms of product uniformity, stability, and lack of agglomerated byproducts, complicating correlation of material properties with biological response or application efficacy.
	To avoid conflating contributions from the NP and PEI characteristics (source, structure, Mr,), manufactured citrate-capped AuNPs are commonly used as the initial platform for conjugation. However, systematic evaluations examining the role of citrate in the conjugation process have not been conducted, and complete removal of citrate during ligand exchange processes or persistence in LBL assemblies is generally assumed. Recently, contributions of citrate in other biologically relevant applications have suggested less than passive or spectator roles in ligand exchange reactions, which will be dependent on the preparation conditions and procedures. For example, Park and Shumaker-Parry recently examined thiol displacement of citrate on metal NPs, and unexpectedly identified persistent heterogeneous surfaces containing coadsorbed thiol and residual citrate – contrary to widely held assumptions regarding thiol displacement of the weakly bound anion.48 Zhang et al. reported that different biomolecules introduced to citrate capped AuNPs resulted in distinct modes based on size and aggregation state.49 The authors suggested that the role of citrate as place holder or active participant in the NP attachment can change in systems of similar functionality. Although they did not use molecular spectroscopy to examine specific processes, the study highlights the complexity of preparation and processing in the development of stable, effective NP probes or delivery vectors. A growing body of literature exists that suggest more thorough investigations of attachment and displacement mechanisms are necessary for developing robust, reliable nanomaterial-based biomedical products.
Therefore, the current study systematically evaluated the influence that PEI parameters have on the formation of Au-PEI and its corresponding physico-chemical properties, and more specifically on the conjugation mechanisms of different PEI and the connection to colloidal stability. Key parameters of PEI for this work were (A) conformation, comparing linear and branched PEI (chain and backbone), and (B) Mr. Monodisperse citrate-stabilized AuNPs were used as a platform for functionalization to elucidate any PEI-citrate interactions that could contribute to the previously reported product variations. Additionally, stability studies were conducted covering a broad range of biologically relevant conditions through the systematic use of well-defined protocols.50,51 Together, an improved understanding of specific aspects of the preparation process on the material’s molecular properties can be better correlated with stability and response. 
2. Experimental Section
Specific reagents used in this study are identified in the Supporting Information (SI). All chemicals were used without further purification. Details regarding instrumentation and methodology are also provided in the Supporting Information (SI).
General method for formation of Au-PEI conjugates (Au-PEI2kB, Au-PEI10kB, Au-PEI25kB, and Au-PEI25kL)
 	One mL of each PEI solution (1.0 % mass fraction in DI water) was added dropwise to 10 mL of citrate-stabilized gold colloid suspension, which was then stirred at room temperature for 5 h and purified using centrifugal filtration (Amicon Ultra, Millipore; regenerated cellulose membrane, MWCO = 100 kDa). The filtrate was removed and replenished with filtered DI water, and then purified Au-PEIs were passed through a 0.2 µm nylon filter to remove any large impurities such as dust. It is important to note that the purification step was not applied to Au-PEI2kB and Au-PEI25kL due to their rapid aggregation during conjugation process. 
Modified method for Au-PEI2kB-mod
To 1 mL of 10 % mass fraction of PEI2kB solution was added dropwise 10 mL of citrate-stabilized AuNPs, then the suspension was stirred at room temperature for 5 h. The purification process was the same as the general method. This method ensures continual oversaturation of PEI during the conjugation process.
3. Results and Discussion
3.1. Preparation of Au-PEIs.
Two preparation methods for the Au-PEI conjugates (Au-PEI2kB, 2kB-mod, 10kB, 25kB, and 25kL) were examined in this study. The first procedure (general method) involved the addition of each PEI solution (1.0 % mass fraction in DI water) into a suspension of citrate-stabilized AuNPs (10 nm diameter, nominal); this resulted in varying rates of color change relative to the original AuNP suspension, a clear indication of instability in the suspensions that was inconsistent across PEI samples. The addition of PEI2kB and PEI25kL to the AuNP suspensions resulted in immediate color changes and/or precipitation within 1 h. In contrast, introduction of PEI10kB and PEI25kB to the AuNP suspension yielded a very slight color change (to purplish red) after stirring for 5 h, which indicates improved colloidal stability for the Au-PEI conjugate product. Furthermore, the positive charge of the Au-PEIs hindered the purification process, because there was considerable loss of particles onto the filter (regenerated cellulose) during centrifugal filtration. 
In an effort to improve suspension stability during the conjugation step, the citrate-AuNP suspension (10 mL) was added dropwise to excess PEI2kB and PEI25kL solutions, which is referred to herein as the modified method. Dropwise addition of the citrate-stabilized AuNPs to a 10 % mass fraction solution of PEI2kB (1 mL) afforded better suspension stability (the suspension was a slight purple-red color after stirring for 5 h; hereafter Au-PEI2kB-mod) than the product produced by the general method. However, Au-PEI25kL did not display improved stability using the modified method (1.0 % mass fraction solution of PEI25kL; solubility of PEI25kL does not allow the dissolved concentration to reach 10 % mass fraction in DI water), and resulted in observable precipitation over 1 h that was similar to the material obtained by the general method.   
3.3. Characterization and physico-chemical properties.
To elucidate the contributing factors to reported variability in stability and response of Au-PEIs, a combination of complementary and orthogonal measurement techniques were used to examine physical properties and mechanistic aspects. The z-average diameter (dz) and zeta potential (ZP) of Au-PEIs were measured in batch mode and the uncertainties were expressed as one standard deviation of five and three measurements, respectively. As shown in Figure 1a, the purified Au-PEI10kB and Au-PEI25kB prepared by the general method resulted in a monomodal size distributions with dz equal to (62.9 ± 0.3) nm and (78.8 ± 0.6) nm, respectively. The mean polydispersity index (PI) obtained for these measurements was 0.21 and 0.14, respectively. Au-PEI2kB-mod obtained by the modified method exhibited a smaller dz, (21.8 ± 0.73) nm, however, a bimodal size distribution with broader peak widths (PI = 0.38) was observed, indicating some agglomeration was occurring during the conjugation process. PI values associated with each Au-PEI conjugate provide evidence that higher Mr PEI more effectively preserve the colloidal stability of the Au-PEI conjugates. 
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Figure 1. Characterization of Au-(branched)PEIs: (a) batch-mode DLS size distribution of Citrate-stabilized AuNPs (solid line), Au-PEI2kB-mod (circle), Au-PEImodiB (square), and Au-PEI25kB (triangle), (b) SPR bands by UV-vis for Citrate-stabilized AuNPs (solid line), Au-PEI2kB-mod (dash-dot line), Au-PEI10kB (dotted line), and Au-PEI25kB (dashed line), (c) particle core size and height measured by TEM and AFM, respectively. Error bars in (a) and (c) represent one standard deviation for replicate means and population means, respectively; particle count is given in Table 1.
The measured ZP of Au-PEIs (at pH ≈ 8 to 9, dispersed in DI water) was (+24.6 ± 3.0) mV for Au-PEI2kB-mod, (+25.8 ± 0.7) mV for Au-PEI10kB, and (+29.4 ± 1.3) mV for Au-PEI25kB, which confirmed the presence of positively charged coronas surrounding the gold core in all cases. The surface plasmon resonance (SPR) band maxima of Au-PEIs were centered at 524 nm, 530 nm, and 534 nm, for Au-PEI2kB-mod, 10kB, and 25kB, respectively (Figure 1b), which are consistent with AuNPs in this size range. 
Au-PEIs were visualized by two microscopy techniques (See Figure 1c and Table 1). The average diameter of the gold core by TEM was found to remain essentially constant for as-received citrate-stabilized AuNPs and conjugated Au-PEI samples (Figure 1c). In contrast to the core size, the mean AFM height was found to increase from (≈9 to ≈12) nm with increasing Mr of the PEI conjugated to AuNPs. Representative TEM and AFM images are presented in the SI (Figure S1 and S2).  
Table 1. Summary of AFM and TEM measurements of Au-(branched) PEIs, showing the mean size (particle height or core diameter, respectively) with one standard deviation and the number, N, of particles evaluated.
	
	AFM
	                 TEM

	Sample
	Size (nm)
	N
	Size (nm)
	N

	Citrate AuNPs
	9.1 ± 2.9
	103
	8.3 ± 1.3
	550

	Au-PEI2kB-mod
	10.0 ± 1.6
	118
	8.3 ± 0.8
	221

	Au-PEI10kB
	11.1 ± 3.2
	114
	8.4 ± 0.7
	240

	Au-PEI25kB
	12.1 ± 3.3
	114
	8.4 ± 0.9
	415



A4F was used to fractionate and characterize the size distribution of the Au-PEI conjugates utilizing nominal conditions we previously developed for positively charged nanomaterials.50,52 A4F fractionations of Au-PEI10kBs and Au-PEI25kBs exhibit different retention times, tR (SI, Figure S3a, c; solid vertical arrows; note that AuPEI2kB was not analyzed by A4F due to its relatively high level of polydispersity based on DLS results.). Au-PEI10kB eluted faster, (tR = 15.4 min) compared with Au-PEI25kB (tR = 17.0 min), consistent with an increase in the observed hydrodynamic size from online light scattering measurements of (61.0 ± 22.6) nm, 2c (76.0 ± 22.0) nm; averaged across the peak full width at half maximum (FWHM, selected area). The online DLS measurements for the two samples were consistent with the batch-mode DLS results (Figure S3b, d; dashed arrows), showing the size increases continually across the selected peak area. This broad distribution of products in the observed conjugates is likely resulting from heterogeneous coverage of AuNP surfaces by the PEI, but could also indicate agglomeration is occurring in the channel during the focusing and/or elution steps. The size range observed by on-line mode DLS is too broad and reaches sizes too large to be accounted for solely by a heterogeneous PEI coating. The distribution of sizes is distinct from the previously reported Au-positively charged dendron conjugates (Au-PCD),50 which exhibited a narrow distribution of z-average sizes across the entire peak. The heterogeneity of the NP surface is further investigated in the subsequent sections to provide a correlation between coverage, composition and colloidal stability.   
3.3. Conjugation mechanism study
To examine the mechanism of conjugation for PEI as a function of Mr, ATR-FTIR and XPS measurements were employed. To examine the interaction between PEI and citrate moiety on AuNPs, we conducted flow cell experiments with ATR-FTIR (Figure 2).
Figure 2 displays the ATR-FTIR spectra for the addition of PEI2kB to the citrate-stabilized AuNP film (spectrum (a)), in aqueous solutions. The spectrum after the addition of three 1 mL aliquots of 1.0 % mass fraction solution of PEI over a similar mixing time for the general method is shown in spectrum (b). The data clearly show the loss of each characteristic citrate vibrational mode after the addition of the PEI2kB. Although the amount of citrate remaining was not quantitatively determined, the resulting spectrum for the PEI2kB modified AuNP film after flushing and drying exhibits predominantly bands associated with PEI. The removal of citrate is further supported by the comparison of the dried film after rinsing (spectrum c) and the thoroughly washed, well-dispersed batch sample (spectrum d) that exhibit very similar signatures with predominantly PEI vibrations. These serial results obtained in situ support the replacement of citrate moieties by PEI chains. Consequently, the ATR spectra provide evidence that conjugation is principally accomplished by a ligand exchange reaction rather than an electrostatic-induced layering interaction between negative surface (citrate) and positively charged ligand (PEI). 
[image: ]
Figure 2. In-situ (in the flow cell) ATR-FTIR spectra for (a) citrate-stabilized AuNPs, (b) loss spectrum after the addition of PEI2kB in the flow cell, (c) dried and washed product after PEI2kB addition, and reference spectrum of (d) dried Au-PEI2kB-mod conjugate (separate batch, purified) and (e) dried PEI2kB for comparison. Absorbance has been normalized and spectra offset on the vertical axis for ease of viewing.

Figure 3 shows the ATR-FTIR spectra for Au-PEI2kB-mod, Au-PEI10kB, Au-PEI25kBs and the citrate-stabilized AuNPs. The top spectrum (spectrum a) is representative of pure PEI25kB sample dried onto the crystal, where the N-H bending and C-N stretching modes are observed near 1597 cm-1 and 1122 cm-1, respectively.53 Characteristic CH2 bending modes and C-C stretching modes are observed at 1454 cm-1 and 1047 cm-1, respectively.54 Two N-H stretching modes were observed for the primary amine group near 3355 cm-1 and 3277 cm-1, and an overtone band near 3180 cm-1 was also present. Characteristic C-H stretching modes were observed between 3000-2700 cm-1, with the most intense band centered near 2805 cm-1.  For the citrate-stabilized AuNPs, the symmetric and asymmetric stretching modes of C-O are observed at 1575 cm-1 and 1394 cm-1, respectively. The signal intensities for the citrate moiety are significantly depressed in all Au-PEI samples, most clearly depicted by the removal of the band at 1394 cm-1, which suggests the PEI displaces citrate during the conjugation process. However, the resulting conjugation products are not consistent for different Mr PEI samples.
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Figure 3. ATR-FTIR spectra for dried AuNP conjugates (a) PEI25kB, (b) Au-PEI25kB, (c) Au-PEI10kB, (d) Au-PEI2kB-mod, with the native citrate-stabilized AuNPs (Cit. AuNPs). # indicates a substantially diminished stretching band for Au-PEI10kB. Spectra have been normalized based on absorbance and offset on the vertical axis for ease of viewing.
For the Au-PEI10kB samples, distinct differences in the IR signatures of the conjugated PEI are observed in the ATR-FITR spectrum (See Figure 3, spectrum c). First, the N-H symmetric stretching and C-H stretching bands at 3355 cm-1 and 2805 cm-1 have been further diminished (Figure 3, spectrum c #) compared to the Au-PEI2kB-mod and Au-PEI25kB samples. Concomitantly, a new band is present centered near 988 cm-1, which is consistent with the formation of a quaternary ammonium 55. Although Au-PEI2kB-mod and Au-PEI25kB spectra contain a similar vibrational mode, the relative intensity of the peak is significantly depressed compared to the Au-PEI10kB sample. Furthermore, the relative intensity of the C-N stretching mode was diminished relative to the C-C stretching modes along with the possible appearance of an additional mode centered near 1335 cm-1. To examine the reproducibility of the observed results, we used three different batches of PEI10kB from two vendors and observed similar formation of the 988 cm-1 band for each conjugate; we also prepared Au-PEI1.8kB-mod as an analogous conjugate of Au-PEI2kB-mod from a different vendor as well to confirm the reproducibility. The ATR-FTIR spectra were consistent for Au-PEI2kB-mod and Au-PEI1.8kB-mod (not shown). 
Investigation of the Au-PEI conjugates was also conducted with XPS to provide further characterization of the surface products and to help with identification of the observed products. In Figure S4 (SI), XPS spectral profiles of the N (1s), C (1s) and Au (4f) regions are shown for one citrate-stabilized AuNP sample, representative purified samples for each branched Au-PEI conjugate, and a representative PEI control since the XPS spectra of each PEI Mr are similar (SI, Figure S5). For the conjugated Au-PEIs, the peak maxima for the Au (4f) region was (83.9 ± 0.1) eV while the C (1s) peak maximum was at (286.5 ± 0.1) eV after energy referencing the N (1s) peak maximum to 400 eV (mean and standard deviation of 18 measurements). The peak-to-peak separation of the C(1s) and N(1s) peak maximums of 113.5 eV was consistent with literature values for PEI.56,57

A qualitative estimation of the relative surface coverage of different Mr PEI on the AuNP surface was performed by examining the Au:N ratio shown in Figure 4 (a). The results demonstrated that the Au:N ratio follow Au-PEI10kB > Au-PEI2kB-mod > Au-PEI25kB. Assuming uniform coverage of each PEI size on the AuNPs, the Au:N ratio for a given set of samples would decrease with increasing PEI Mr, but this rationale is inconsistent with the observed trend. Instead, the data suggest the Au-PEI10kB had either a less complete or a thinner polymer layer relative to both the Au-PEI2kB and the Au-PEI25kB. Additionally, it is important to note that there was further variability observed between sets of AuPEI conjugates created at different times. This was most pronounced when comparing 10 kDa samples between sets (Figure 4a). Peak fitting analysis was performed on the spectra to examine potential variations in the chemistry of the PEI coatings, as seen in Figure S4. By fitting both the citrate-stabilized AuNPs and the PEI controls, the C (1s) line shapes of the Au-PEI samples could be consistently fit with 4 spectral features. Three of these were the following: a hydrocarbon (CH/CC) feature at (285.3 to 285.4) eV, a carboxyl feature (COO-) at (288.6 to 288.8) eV, and an unknown highly oxidized carbon feature (Cunk) at (289.7 to 290.2) eV all of which were derived from the citrate-AuNP control. The carbonyl feature (CO) at (286.8 to 286.9) eV from the citrate control was combined into one spectral peak with the amine functionality (C-N) at (286.5 to 286.6) eV from the PEI controls since it was not possible to reliably deconvolute the two features due to proximity. The N (1s) region was fit with a peak representative of the amine feature at ≈ 400 eV and with an ammonium component (NR4+) which was allowed to span a range from (401 to 401.9) eV.
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Figure 4.  (a) Au:N ratio for each of the AuPEI systems plotted vs. the PEI Mr.  (b) Total carboxyl percentage (COO %) plotted vs. ammonium percentage (NR4+ %). The line is purely meant as a guide to the eye.  Set A measured at 150 W; Set B measured at 120 W. Each data point represents a single measurement.
Using the aforementioned fitting procedure, evaluation of functionalities can be conducted in a consistent manner. For Au-PEI conjugates, the analysis revealed that predominantly CO/CN and COO- functionality were present in the C (1s) region irrespective of Mr. The surface concentration of COO- functionality and the ammonium functionality within the N (1s) region appeared to be greatest for the Au-PEI10kB. This can be more clearly observed by plotting COO- functionality vs NR4+ functionality in atomic percentages, as shown in Figure 4b.  Generally speaking, the ammonium and carboxyl functionalities (as measured by XPS) were greatest for Au-PEI10kB and were least for the Au-PEI2kB-mod.  The source of COO- type functionality is likely to be residual citrate not displaced during the conjugation process. The percentage of ammonium species appeared to increase with COO- functionality following what appeared to be a linear trend. Additionally, this is consistent with FTIR results, where the relative intensity of the symmetric CO stretching mode persisted with the appearance of the 988 cm-1 band in the spectra for Au-PEI specimens.   
To further investigate the origin of the unique functionality observed for Au-PEI10kB and specifically the role of the AuNP on the apparent chemical change of the PEI, we examined the solution phase reaction of equimolar sodium citrate and PEI10kB (10 mmol/L; total concentration) using the same experimental conditions, including temperature and mixing, used for the citrate exchange study over more than one week. The resulting product of the solution phase mixture in the absence of the AuNP surface did not result in similar signatures observed for the Au-PEI10kB in the ATR-FTIR spectra (SI, Figure S6), which indicates the reaction is not simply the solution phase processing of the citrate and PEI, and thus the AuNP likely contributes to the reaction.
Combining the conjugation and solution processing data provide a more complete picture regarding the products on the AuNP surfaces as a function of Mr for the branched PEI. First, the vibrational mode centered near 988 cm-1 is consistent with the formation of a quaternary ammonium (R-N(CH2)2R).55 This is also supported by the shift and broadening in the N (1s) region to higher binding energy species that was observed with XPS, which represents more highly oxidized functional groups. The well-known polymeric reactions of carboxylic acids and PEI that result in amide bonds54 would not result in the observed shift of the N 1s region to higher binding energies for Au-PEI10kB observed in the XPS data, which is further corroborating evidence for the quaternary ammonium species; however, the presence of both higher binding energy species in the C (1s) region and preservation of the C-O signatures in the ATR-FTIR data supports a reaction between PEI and citrate. Furthermore, because the reaction did not occur in the absence of the AuNP surface, it is possible that the reaction with PEI10kB could be catalyzed by the gold nanoparticle surface, resulting in the formation of a higher coordinated amine or oxidized amine. 
The current results outlining a distinct change to the conjugated PEI may have significant implications for both stability and intended efficacy. The observed chemical changes to quaternary ammonium species can affect processing and uptake in biological systems driven by the interfacial reactions of the cells and the nanoparticle surface functionality.58 This unexpected reaction based on either functionality of PEI or undetected impurity in the commercial PEI sample highlights the need for complete characterization methods that include ligand or coating characterization. Furthermore, citrate plays a definitive role in the conjugation process. Relying solely on nanoparticle physical characterization methods would not have distinguished the chemical changes, possibly introducing large uncertainties into subsequent data analysis for stability, reactivity or biological response. 
3.4. Examination of contributing factors to agglomerated systems
As mentioned above (in Preparation of Au-PEIs), Au-PEI2kB (prepared by general method) and Au-PEI25kL (prepared with linear PEI) are agglomerated and consequently precipitated out of solution during the conjugation process using the general method. Again, PEI2kB produced disparate products, either stable conjugates (Au-PEI2kB-mod) or agglomerates (Au-PEI2kB), depending on the preparation method. In this section, we characterize the formation of Au-PEI2kB and Au-PEI25kL agglomerates (NOT Au-PEI2kB-mod conjugates). Interestingly, the resulting agglomerates of the two Au-PEI conjugates exhibited different structures. After storage for 12 h, Au-PEI2kBs were agglomerated and the solution contained large flocculates. Au-PEI25kL samples formed a slightly turbid, purple colored suspension; the color suggests formation of agglomerates that are small enough to remain suspended during the experimental time frame (Figure 5 (a): Au-PEI2kBs, (b): Au-PEI25kLs; Scale bar: 200 nm). TEM revealed that Au-PEI2kBs (Figure 5a) form large fractal-like structures that likely result from rapid agglomeration. The Au-PEI25kLs formed substantially smaller agglomerate structures, again with fractal-like appearance (Figure 5b). Furthermore, TEM images suggest that in both cases the gold cores are not fused or in close contact, but rather clearly separated by the PEI coating. This indicates that the PEI surface modification also controls the particle agglomeration mechanism. We hypothesized this agglomeration process would be induced by bridging effects between particles due to the citrate ions and PEI, or result from incomplete coverage during preparation. 
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Figure 5. Pictorial representation of disparate agglomerate formation for PEI2kB and PEI25kL  conjugation. ; (a) TEM images of  Au-PEI2kB and (b) Au-PEI25kL, Scale bars represent 200 nm, insets are appearance of suspensions Au-PEI2kB (in a) and Au-PEI25kL (in b), 12 h after mixing; (c) Cartoon depiction of conjugation and resulting products.
To investigate the possible roles that PEI and citrate play in the agglomeration observed in the TEM images, ATR-FTIR spectra of dried conjugates prepared with different methods were compared for both PEI2kB and PEI25kL (Figure 6). For the Au-PEI2kB (Fig. 6a), incomplete removal of the characteristic citrate band at 1394 cm-1 was apparent even after three cycles of centrifugal filtration (spectrum ii), which is clearly differentiated by the blue shift relative to the well dispersed system (spectrum i). Furthermore, comparison of the ratio of the integrated peak intensities of the bands near 1575 cm-1, which is predominantly citrate, and near 1460 cm-1, which represents the CH2 bending mode of PEI, provides an estimate of the amounts of PEI-to-citrate present on the surface for all Au-PEI conjugates and is referred herein as [Cit]/[PEI]. Based on this metric, which is plotted in Figure S7 (SI), for all AuPEI branched conjugates, the [Cit]/[PEI] for spectrum i is greater than spectrum ii by more than 50 %, indicating more citrate was retained in the product that exhibited greater agglomeration both optically and in the TEM images.
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Figure 6. ATR-FTIR spectra for dried films of (a) Au-PEI2kB and (b) Au-PEI25kL agglomerates. For (a), spectrum (i): Au-PEI2kB-mod (well dispersed by modified method), spectrum (ii): washed Au-PEI2kB agglomerates. For (b), spectrum (i): PEI25kL only (control), spectrum (ii): washed Au-PEI25kL. Spectra have been scaled on the vertical axis for ease of viewing.

	In contrast to the Au-PEI2kB system, ATR-FTIR spectra of the Au-PEI25kL agglomerates clearly exhibit more efficient removal of citrate through the centrifugal washing step (Figure 6b). The evidence for more efficient removal is based on the observation of no significant band shifts in the washed sample when compared to the pure PEI25kL spectrum towards the characteristic citrate bands at 1394 cm-1 and 1261 cm-1 following centrifugal purification, as was observed for the Au-PEI2kB. Also, the similar peak heights of N-H bending modes in the region from 1600 cm-1 to 1700 cm-1 compared to the characteristic C-O stretching mode of citrate at 1575 cm-1 provide further evidence of more efficient citrate removal (SI, Fig. S8). Together, the data support a more complete removal of citrate for the linear versus the branched PEI species conjugated to AuNPs examined in the present study, which corresponds to an observed correlation between higher retention of citrate and more tightly packed agglomerates for these two species (Fig. 5). These spectral results provide insight into the mechanisms occurring during the agglomeration process; it is evident that some form of self-assembly of PEI-capped particles was the predominant process controlling the final agglomerate structure, rather than electrostatic interactions (bridging) between PEI and citrate species on the surface.
Based on TEM and ATR-FTIR experiments, the AuNP agglomeration process in the presence of PEI2kB and PEI25kL are proposed and depicted in Figure 5c. Au-PEI2kB-mod, prepared by the modified method, was relatively well dispersed (Figure 5c bottom), however, Au-PEI2kB prepared by the general method led to the formation of large agglomerates. The difference in the preparation methods exposes the nanoparticles to very different local environments; specifically, the modified method yields AuNPs in a sea of PEI that allows the NPs to remain dispersed during the ligand exchange process. Conversely, addition of the PEI to the AuNP solution induces assembly (agglomeration) of unsaturated PEI coatings due to the dilution of PEI in the case of PEI2kB (Figure 5c Top). The data suggest that the Au-PEI25kL agglomerates were formed by a similar self-assembly process, but the final morphology is significantly impacted by the linear structure of PEI25kL (Figure 5c middle). PEI25kL seemingly has the ability to trap AuNPs, resulting in smaller more elongated fractal-like agglomerates aligned with the linear chain of the PEI (thin coating on the Au core). The presence and absence of observable citrate in the Au-PEI2kB and Au-PEI25kL agglomerates, respectively (as determined by ATR-FTIR), is seemingly dependent on the morphological structure of PEI. The rapid and more densely packed structure of Au-PEI2kB agglomerates seems to limit surface site availability and results in the incomplete removal of citrate. By contrast, the more open fractal structure of Au-PEI25kL presumably allows PEI to more effectively displace the citrate. The relatively good particle dispersion behavior observed for Au-PEI10kB or Au-PEI25kB prepared under the same condition (by general method with 1 % ligand concentration) is not yet clear, but we speculate the higher Mr associated with these branched structures could contribute to enhancement of colloidal stability by providing a thicker barrier less subject to interparticle bridging. 
3.5. Stability studies
Because of the thorough physical and chemical characterization of each conjugate in the previous sections (vide supra), the contributing factors affecting overall stability, including the molecular functionality and coverage that is a function of preparation methods,51 can be better evaluated and weighted, which is critical to the commercial application of functionalized AuNPs. The best colloidal stability was observed for Au-PEI10kB and Au-PEI25kB, where replicate samples were aged for 6 months under ambient laboratory conditions. The aged samples yielded nearly identical DLS mean size and size distributions compared with the initial, freshly prepared and purified products (SI, Figure S9, top). In contrast, the hydrodynamic size distribution for Au-PEI2kB-mod significantly increased within one month, indicating reduced colloidal stability compared with the higher Mr PEIs. The associated SPR band intensities and peak positions (UV-Vis) provide a more sensitive probe to changes in the near field environment of the AuNPs (Figure S9, bottom). The substantially red shifted (∆ ≈ 40 nm) absorbance maximum for Au-PEI2kB-mod suggests a large increase in size via agglomeration. Au-PEI10kB and Au-PEI25kB showed minor red shifts with ∆λmax ≈ 5 nm and 2 nm, respectively. These results suggest that Au-PEIs encapsulated by higher Mr PEI offer better long term stability based on the observed changes in the physicochemical properties probed by DLS and UV-Vis. 
For accurate assessment of the biological activity of AuNPs, evaluation of their stability in physiologically relevant media is critical. Au-PEIs were tested over a 48 h period in a PBS buffer, consistent with many cell-based exposure assays. Au-PEIs diluted into PBS exhibited improved ligand-dependent stability compared to citrate AuNPs based on UV-Vis results. As shown in Figure 7, the trends observed for the Au-PEI samples in PBS buffer resulted in distinct endpoints for each sample, which differed from the results obtained for DI water. For Au-PEI2kB-mod (Figure 7a), the red-shifted λmax along with decreased intensity (≈ 40 % reduction over 12 h, where the spectral changes appeared to plateau) and increased scattering signatures (near 700 nm) were observed over 12 h, similar to behavior in DI water. The UV-Vis spectrum for Au-PEI10kB (Figure 7b) exhibited an initial red shift and increase in absorbance at 700 nm only during the first 4 h. Additionally, the optical density for Au-PEI10kB continuously decreased over 48 h (Figure 7b, up to about 80 % loss in λmax), which was the most significant loss in SPR intensity observed among all Au-PEI conjugates studied in the PBS buffer. The loss in the signal intensity is consistent with agglomeration products settling (sedimentation process) which differs from the stability in the other media (e.g., DI water) that displayed a relatively constant absorbance peak maxima over 6 months. In stark contrast, Au-PEI25kB (Figure 7c) displayed no notable shift in λmax and only a ≈ 30 % reduction in optical density after 48 h in PBS, where the spectral changes appeared to plateau. Lastly, there was no observed increase in the baseline near 700 nm, providing further evidence for the absence of a significant agglomerate population in the solution. 
Overall, the Au-PEI25kB sample showed the greatest stability in the PBS buffer, consistent with stability studies in other media. The stability of the Au-PEI2kB-mod and Au-PEI10kB samples showed distinctly different behavior in the PBS buffer. Based on the UV-Vis data, the Au-PEI2kB-mod samples form agglomerates that remain suspended in solution, but the Au-PEI10kB samples do not form similar agglomerate types (in regards to either packing density or size) that result in sedimentation. Qualitatively, the degree of loss in SPR absorbance with respect to the period of PBS storage time was consistent with the degree of surface coverage measured by XPS as observed in Figure 4a. Based on the FTIR and XPS studies, it is reasonable to surmise the susceptibility of the Au-PEI10kB in the PBS buffer is due to the unique chemical nature (quaternary ammonium functionality) outlined in previous sections. Furthermore, the relative coverage of PEI or the chemically modified PEI is lowest for the Au-PEI10kB sample, which could also be contributing to the observed decreased stability compared to Au-PEI25kB.  
DLS results in PBS showed trends consistent with UV-Vis. The size of Au-PEI2kB-mod and Au-PEI10kB increased to a few hundred nanometers (data omitted, numerical accuracy is not reliable) over time, but Au-PEI25kB data exhibited a nearly constant mean size (≈ 80 nm) under identical conditions. Compared to the citrate-AuNPs, which are immediately precipitated in PBS,51 all Au-PEIs showed a marked improvement in stability, which is attributed to the larger molecular size of the PEI chains and their hyperbranched structure as an electrosteric protective coating that substantially reduces salt sensitivity (screening of electrostatic charge). 
[image: ]
Figure 7. Stability of Au-PEIs in PBS over time monitored by UV-Vis absorbance; (a) Au-PEI2kB-mod, (b) Au-PEI10kB, and (c) Au-PEI25kB.
DMEM is another common biological test medium that is often used for cell cultures. All Au-PEIs in this study exhibited less stability in DMEM compared with PBS, based on UV-Vis and DLS (data not shown). This result suggests more complicated interactions between the Au-PEIs and the DMEM components that lead to instability and induced particle agglomeration (e.g., DMEM contains amino acids, salts and glucose, as well as vitamins). Overall, the Au-PEIs demonstrate a notable improvement in stability relative to citrate-stabilized AuNPs, and the degree of stability depends primarily on Mr. Although beyond the scope of the present study, the addition of 10 % fetal bovine serum to DMEM, a common medium for growing mammalian cells, may impact the colloidal stability as a result of the interaction with serum proteins – principally bovine serum albumin. Investigation of protein interactions with PEI conjugated AuNPs would be relevant for therapeutic applications and worthy of considerable attention in a future study.
Next, we examined the effect of pH on Au-PEI behavior, which is a critical metric for evaluating test materials for biomedical applications because of the wide range of pH environments potentially encountered in physiological systems (ranging from highly acidic to mildly alkaline). The pH-dependent stability of Au-PEIs was evaluated over a 12 h period. Notably, all Au-PEIs exhibit very stable behavior in either strongly acidic (50 mmol/L HCl, pH ≈ 1.3) or in highly basic solutions (50 mmol/L NaOH, pH ≈ 12.7) as shown in Figure S10 (see SI). In general, the resistance against acid destabilization of Au-PEIs is greatly improved relative to citrate-stabilized AuNPs, which precipitate immediately in strong acid. The Mr of the PEI surface coating on the Au core was not a determining factor for pH resistance. The improved stability of Au-PEIs under acidic conditions can be attributed to the amine functionality acting as a proton sponge to induce increased particle repulsion, unlike the citrate-stabilized AuNPs that quickly agglomerate and precipitate due to neutralization of the carboxylate functional groups. Resistance to acidic conditions may have significant implications for therapeutic applications, particularly for oral delivery and uptake by cytoplasmic lysosomes. At pH 7.05, the Au-PEI10kB and Au-PEI25kB are stable but notably, Au-PEI2kB-mod shows instability over time. The behavior of the Au-PEI2kB-mod at pH 7.05 and in PBS was similar, suggesting 50 mmol/L salt concentration (NaCl) obtained from mixing HCl and NaOH was sufficient to induce the observed instability. However, this same ionic strength did not induce agglomeration for Au-PEI10kB and Au-PEI25kB. Overall, the series of stability tests performed in aqueous media (shelf-life), PBS, DMEM, and over a wide range of pH values, reveals a general order for Au-PEI stability in physiologically relevant media: Au-PEI25kB >> Au-PEI10kB > Au-PEI2kB-mod, and suggests that, in general, higher Mr increases stability. Thermal stability for each Au-PEI conjugate was evaluated by UV-Vis absorbance measurements over the range from (20 to 60) °C, which covers the relevant range for most biomedical applications or biological assays. Samples were incubated for 30 min at each temperature before measurements were conducted. The constancy of the SPR band (from UV-Vis spectra) confirms that all Au-PEIs are stable with respect to temperature variations over the tested range (see SI, Figure S11). 
As an improved approach for long-term storage of AuNPs, we assessed the response of Au-PEIs to a lyophilization-reconstitution cycle. Samples were chosen based on the long term aqueous colloidal stability that has been demonstrated by monitoring particle size and UV-Vis absorbance spectra over a six month period (Au-PEI10kB and Au-PEI25kB, Figure S9). It has been shown previously that citrate-stabilized AuNPs cannot be reconstituted following lyophilization,51 but AuNPs with other surface modifications have been reported to have more successful reconstitution capacity.59-61 
As shown in Figure S12 (see SI), analysis of reconstituted Au-PEIs lyophilized (without the aid of excipients) revealed relatively poor recovery of the primary NP size, resulting in large shifts in the z-average size for both Au-PEI10kB and Au-PEI25kB samples (Figure S12a, c). Additionally, there was significant difference in the SPR band shifts (red-shift, Figure S12b, d) between Au-PEI10kB and Au-PEI25kB (∆λmax = 32 nm and 7 nm, respectively) and these corresponded with visibly distinguishable color changes (Figure S12 bottom; left vial: Au-PEI10kB, right vial: Au-PEI25kB) before and after lyophilization-reconstitution. The data further supports the general trend observed above for the solution experiments that the effect of ligand Mr on overall stability is obvious and is fairly remarkable when compared to the citrate-stabilized AuNPs, which when subjected to the same process result in complete agglomeration.51,59 Presumably, the PEI coating acts as a barrier to prevent gold core-to-core fusion (or close approach) providing a marked improvement in stability. It is noteworthy that even though DLS results clearly show the presence of substantial agglomeration following lyophilization-reconstitution, the UV-Vis spectra for Au-PEI25kB conjugates indicates only a slight red-shift and optical density reduction. This suggests the Au cores, though trapped in larger assemblies, are sufficiently separated to avoid perturbing the SPR absorption due to the thickness of the PEI25k coating.
Now, through a series of stability studies, we can conclude Au-PEI25kB, the branched and highest Mr PEI gold conjugates, showed the most stable behavior, in general, and has improved stability compared to citrate-stabilized AuNPs in PBS, DMEM, acidic solution, and in after the lyophilization-reconstitution cycle. Comparison of the stability of the Au-PEI25kB to our previously developed positively charged dendron stabilized AuNP (Au-PCD),50 which contained a disulfide linker and three branched polyethyleneglycol chains with trimethyl ammonium termini (Mr ≈ 2.6kD), demonstrates the PEI conjugate is relatively less stable in physiological salt media (PBS and DMEM) and lyophilization-reconstitution cycle. However, the PEI conjugate demonstrated better stability than Au-PCD in strongly acidic conditions. This result demonstrates that the metal-ligand bonding character is more effective for salts and phase transform resistance, while surface chemical functionality is a dominant effect against acidic attack due at least in part to the buffering (proton scavenging) capacity of the amine functional groups on the Au-PEI surface.     
4. Conclusions
[bookmark: _GoBack]Through a systematic approach, the stability and physico-chemical properties of synthesized PEI-AuNP conjugates were thoroughly investigated, and the role of preparation methodology, PEI structure, Mr and material source was elucidated, advancing the pursuit of rational design for these materials in biomedical applications. Using a combination of spectroscopic measurements (ATR-FTIR and XPS), insight into the reaction mechanism of conjugation was achieved, including a distinct role for citrate in both stability and ligand-specific chemical changes. The products of the Au-PEI conjugation were dissimilar for different branched PEI samples, and highlight an important observation for applied systems relying on design of the ligand-system interface for transport or functionality: complete physico-chemical characterization of the precursors and resulting products is necessary to develop property-response relationships for these widely used systems. 
Specifically, we observed the formation of quaternary ammonium species from the amine functionality for AuPEI-10kB, which may alter the interaction between cells and conjugated NPs and thereby result in unanticipated consequences. The likelihood that the Au core plays a catalytic role in this chemical modification is strongly suggested by the results. Additionally, we demonstrated that spectroscopic analysis of the ligand chemical speciation and state can shed light on the physical properties and mechanisms of conjugation beyond that which can be determined from measurements of stability, zeta potential and conjugate size alone. In general, the outcome of prepared conjugates and their colloidal stability improve with branching and increased Mr. The preparatory steps for conjugation with the branched and linear PEI lead to variable results, where the amount of the citrate retained (on the AuNP core) is impacted by the conjugation processing steps. For branched PEI, a general trend of improving colloidal stability was observed with increasing Mr in all media examined; indicating the surface coating thickness is a key parameter in determining stability. The existing knowledge gap regarding the controlling factors for stability, surface coverage and interfacial chemistry as controlled by PEI structure on the AuNP surface was addressed by systematically assessing a broad range of variable space to improve future design for similar applied NP platforms. The methods applied here are applicable to a broad range of ligated metal nanoscale particles of biomedical and industrial interest, while the tandem multi-technique approach that we advance is relevant to the field of nanoparticle-conjugate chemistry in general.
Supporting Information available: Experimental details including reagents, instrumentation, and measurement methodologies; TEM and AFM images, supporting data from A4F, XPS, (ATR)-FTIR measurements and stability tests. This material is available free of charge via the Internet at http://pubs.acs.org.
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