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Abstract 8 

The properties of a hydrogel utilized in 3D culture can influence cell phenotype and 9 

morphology, yielding striking similarities to cellular processes that occur in vivo. Indeed, research 10 

areas including regenerative medicine, tissue engineering, cancer models, and stem cell cultures 11 

have readily utilized 3D biomaterials to investigate cell biological questions. However, cells are 12 

only one component of this milieu. Macromolecules play roles as bioactive factors and physical 13 

structures. Yet, investigations of macromolecular biophysics largely focus on pure molecules in 14 

dilute solution. Biophysical processes such as protein aggregation underlie diseases including 15 

Alzheimer’s disease, which is hallmarked by accumulated neurotoxic amyloid-β (Aβ) aggregates. 16 

Previously, we demonstrated that Aβ cytotoxicity is attenuated when cells are cultured within 17 

type I collagen hydrogels vs. on 2D substrates. Here, we investigated whether this phenomenon 18 

is conserved when Aβ is confined within hydrogels of varying physiochemical properties, notably 19 

mesh size and bioactivity. We investigated Aβ structure and aggregation kinetics in solution and 20 

in hydrogels (collagen, agarose, hyaluronic acid and polyethylene glycol) using fluorescence 21 

correlation spectroscopy and thioflavin T assays. Our results reveal that all hydrogels tested were 22 
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associated with Aβ cytotoxicity attenuation. We suggest that confinement itself imparts a 23 

profound effect, possibly by stabilizing Aβ structures and shifting the aggregate equilibrium 24 

toward larger species. It is likely that the milieu that exist within cells and tissues also influences 25 

protein-protein interactions; thus, we suggest that it is critical to evaluate whether protein 26 

structure, function, and stability are altered in 3D systems vs. ideal solutions and 2D culture. 27 

 28 

Keywords: Alzheimer’s disease, beta amyloid, protein aggregation, hydrogels, confinement, 29 

cytotoxicity. 30 

Introduction 31 

Alzheimer’s disease (AD) is the most common form of dementia [1], and is associated with 32 

the accumulation of amyloid-β (Aβ), a protein whose aggregation is associated with neurotoxicity 33 

[2]. There is still debate over the exact size and structure of the most toxic Aβ species, but it is 34 

widely held that small oligomers that lack β-sheet structure are more toxic than assembled β-35 

sheet fibrils [3-7]. Since the first genetic connection between Aβ and early-onset AD, 36 

investigators have targeted Aβ as a potential therapeutic strategy [8-10]. Many anti-Aβ antibody 37 

drugs (e.g., aducanumab, solanezumab, crenezumab, gantenerumab) have had promising 38 

preclinical results; however, all have failed to show a significant clinical benefit [11-13].   39 

 40 

We have previously demonstrated that Aβ cytotoxicity was attenuated in 3D type I 41 

collagen hydrogels as compared to in 2D culture in which significant cell death occurred [14]. We 42 
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suggested that in collagen hydrogels, a) the structural equilibrium of Aβ is shifted to favor larger 43 

β-sheet aggregates in contrast to in solution where the smaller oligomeric Aβ species persisted 44 

and b) that this shift in distribution of Aβ structures may have led to the stabilization of larger, 45 

less toxic fibril species compared to the species observed in solution. Confinement excludes the 46 

locally-available solvent, which promotes a more compact peptide/protein structure. 47 

Confinement also increases local protein concentration, promoting protein-protein interactions. 48 

This finding challenges the choice of 2D culture for investigations of Aβ cytotoxicity. Yet, only a 49 

few 3D gel-based models of AD have been published to date, all using the gel matrix Matrigel® 50 

(Corning) [15-17]. Matrigel® is composed of basement membrane extracellular matrix (ECM) 51 

molecules (60% laminin, 30% collagen IV, and 8% entactin) and is also commonly used to 52 

investigate stem cell differentiation [18-22].  53 

   54 

A second possible explanation of our previous results is that 3D culture in a collagen 55 

hydrogel results in changes in cell signaling, phenotype, or potentially the expression or function 56 

of receptors available for Aβ interaction, resulting in attenuated toxicity. In support of this 57 

explanation, it is known that epigenetic changes occur in 3D culture that influence cellular 58 

phenotype [23-24].  Further, in comparison to 2D culture, cell morphologies of neuronal cells 59 

grown in 3D culture are strikingly similar to those expressed in vivo [25-29]. Finally, there have 60 

been numerous reports of cell surface receptors that bind Aβ, with the numbers of candidate 61 

receptors totaling 30 or more [30].  Thus, it is possible that the attenuation of Aβ cytotoxicity 62 
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observed in 3D collagen may be unrelated to Aβ structural changes, but instead, be related to 63 

cellular responses that are altered due to 3D culture or the presence of collagen.   64 

 65 

Figure 1 Properties of four 3D hydrogels. 66 

Four biomaterials were used as hydrogels to encapsulate PC12 cells and Aβ based on their 67 

biophysical properties. Collagen is biologically active with a mesh size ~ 10 µm. Agarose is an inert 68 

polysaccharide with a mesh size ~ 800 nm. HA is a biologically active glycosaminoglycan modified 69 

with maleimide groups and crosslinked with PEG dithiol with a mesh size ~ 200 nm. PEG is an inert 70 

polymer crosslinking a 4-arm PEG maleimide with a PEG dithiol with a mesh size ~ 10 nm. 71 

 72 

In this work, we investigated the extent to which of this Aβ confinement effect also occurs 73 

in other 3D hydrogels that vary in biomaterial physiochemical properties (e.g., mesh size, 74 

chemical composition, and biological activity). In this work, we studied Aβ structure, aggregation, 75 
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and toxicity in hydrogels primarily composed of type I collagen, low melting temperature agarose, 76 

hyaluronic acid (HA), or polyethylene glycol (PEG) (Figure 1). In choosing these gel types, we were 77 

less concerned with specific biological relevance to brain tissue, rather focusing on gels that vary 78 

greatly in mesh size, the potential to alter cell phenotype, and the potential to interact with one 79 

or more of the many suspected Aβ cell surface receptors [30]. We excluded laminin and laminin-80 

containing materials (such as Matrigel®) from these studies because of laminin’s high affinity for 81 

Aβ and its potent inhibition of fibril formation [31] Indeed, in our early experiments, we noted 82 

that Aβ did not aggregate in gels containing laminin (data not shown). 83 

 84 

Collagen is the most abundant ECM molecule making up 30% of total mammalian protein 85 

mass [32-33]. Type I collagen is the primary protein in the interstitial ECM and is commonly 86 

applied to in vitro models of cancer invasion [34-35]. Many cell types have type I collagen binding 87 

motifs that are important for adhesion, motility, and signaling [29, 36-37]. The mesh size of type 88 

I collagen hydrogels is on the order of ~10 µm [38]. 89 

 90 

Agarose is an inert polysaccharide that forms hydrogels with mesh size and stiffness that 91 

are controlled by agarose concentration and setting temperature [39]. Agarose hydrogel mesh 92 

size can range from 200 nm to 800 nm [39-40].  Agarose hydrogels have been utilized to study 93 

the diffusion of molecules through porous media [40-41] and investigate the effect of material 94 

stiffness on cell morphology [42]. In particular, pre-aggregated Aβ40 has been applied to 3D 95 

agarose culture; however, the aggregate structure was not investigated [43]. 96 
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 97 

HA is a biologically-active glycosaminoglycan found in the ECM of soft connective tissues, 98 

especially the central nervous system (CNS) which is devoid of most proteinaceous ECM 99 

molecules [44-45]. Considering HA is a natural ECM molecule, it is inherently biocompatible and 100 

therefore is commonly selected for applications in regenerative medicine and drug delivery [46-101 

48]. HA plays an important role in development and is therefore particularly relevant to in vitro 102 

cultures of stem cells and cancer cells [49-54]. To form stable hydrogels, HA can be modified with 103 

reactive functional groups and crosslinked to yield gels with a wide variety of properties [55-57]. 104 

HA mesh size is dependent on the molecular weight of the HA, the degree of modification of 105 

functional groups, and the crosslinking chemistry, and is typically between 100 – 600 nm [53, 58-106 

59]. 107 

 108 

PEG is an inert synthetic polymer that can be modified with reactive functional groups 109 

and crosslinked into a hydrogel scaffold [60-61].  The particular crosslink chemistry can be 110 

selected to adjust gelation time, and the PEG molecular weight, and concentration influence gel 111 

stiffness and mesh size, which is typically 10 – 20 nm [62-63].  112 

 113 

The work described herein examines Aβ aggregation and cytotoxicity in four hydrogels 114 

that are commonly selected for applications that involve encapsulated cells (Figure 1). We were 115 

particularly interested in collagen, agarose, HA and PEG gels because they have mesh sizes 116 

varying from ~10’s of nm to ~10’s of µm. These mesh sizes were hypothesized to impart confined 117 
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microenvironments on Aβ that are relevant to the sizes of Aβ structures, from 118 

monomers/oligomers to fibrils.  We were also interested in these hydrogels given their range of 119 

physiochemical properties and potential to interact with cells.    120 

 121 

 122 

Results and Discussion 123 

In our earlier work, we observed that Aβ aggregation kinetics varied between the contexts 124 

of a solution and a 3D collagen hydrogel and that the variations in Aβ aggregation were 125 

associated with differences in cytotoxicity between those two contexts. We suggested that the 126 

altered Aβ aggregation in the collagen gel was due to confinement within the gel structure, which 127 

imparts a shift in the equilibrium Aβ species quickly to larger aggregates vs. the prolonged 128 

presence of oligomers in the solution of a 2D culture. Herein, we further explore this Aβ 129 

confinement effect in four hydrogel types that vary in mesh size with size scales relevant to Aβ 130 

structures, from monomers/oligomers to fibrils.  Because cell-collagen-Aβ interactions may be 131 

related to the observed attenuated cytotoxicity, we were also interested in these hydrogels given 132 

their range of physiochemical properties and potential to interact with cells.    133 
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Results 134 

ThT fluorescence as a measure of Aβ aggregation kinetics 135 

To examine the impact of different 3D environments of Aβ aggregation, we used the ThT 136 

assay to identify the presence of β-sheet Aβ aggregates in solution compared to in collagen, 137 

agarose, HA, and PEG hydrogels.  138 

 139 

Representative curves of ThT fluorescence vs. time are shown in Figure 2 for Aβ 140 

aggregation in solution and hydrogels.  In solution, fibrillar Aβ aggregation (signified by ThT 141 

fluorescence) had a lag phase during the first ~20 hrs, followed by rapid aggregation. In all 142 

hydrogels, however, fibrillar aggregation did not exhibit a lag phase, and instead, fluorescence 143 

steadily increased from the initiation of the experiment (Figure 2).  Depending upon the supplier 144 

and the particular lot of Aβ tested, lag time as well as the maximum fluorescence intensity varied, 145 

but all shared the same qualitative features of fibril Aβ aggregation in solution vs. the hydrogels: 146 

fibril aggregation was accelerated in the hydrogels compared to in solution.  Fibrillar Aβ 147 

aggregation appeared to proceed most rapidly in the gel with the smallest mesh size -- the PEG 148 

hydrogel showed the fastest initial onset of ThT fluorescence.   149 
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 150 

Figure 2 ThT Aβ aggregation kinetics in solution and four hydrogels. 151 

ThT binding to stacked β-sheet amyloids triggers fluorescence and therefore tracks kinetics of β-152 

sheet filament aggregation in solution (orange, ●), collagen hydrogel (purple, ), agarose 153 

hydrogel (green, ), HA hydrogel (blue, ), and PEG hydrogel (grey, ). 154 

 155 

Aβ aggregate diffusivities by FCS 156 

Whereas ThT experiments provide insight into Aβ aggregate structure and kinetics, this 157 

approach is limited in that it cannot indicate aggregate size. Therefore, we utilized FCS to infer 158 

relative Aβ aggregate size from the diffusivity of fluorescently-labeled Aβ species. Diffusivity 159 

scales inversely to the radius of a spherical particle. Therefore small diffusivity values correspond 160 

to large particles. While Aβ aggregates are not spherical, this general idea that diffusivity scales 161 

inversely with particle size still applies. 162 
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 163 

Figure 3 FCS G(τ) fit using a triplet 2-component model. 164 

G(τ) of 20 µM Aβ with 250 nM HiLyte Aβ where Species 1 was held constant at the calculated Scr 165 

Aβ diffusivity (in each condition) assumed to be monomer (solid line). Species 2 was solved for 166 

and represents the average aggregate species diffusivity population (●) in solution (a, orange), 167 

collagen hydrogel (b, purple), agarose hydrogel (c, green), HA hydrogel (d, blue), and PEG 168 

hydrogel (e, grey). The 2-sample KS test found a significant difference between all comparisons 169 

except collagen/agarose, collagen/PEG, and agarose/PEG (see Supplemental Table 1 and 170 

Supplemental Figure 1 & 2). 171 

 172 

Non-aggregating Scr Aβ was used as a control of monomer diffusivity. The diffusivity of 173 

these Scr Aβ monomers in solution was determined to be 175 µm2/s, whereas the diffusivity in 174 

the hydrogels were 129 µm2/s (collagen), 145 µm2/s (agarose), 65 µm2/s (HA), and 59.5 µm2/s 175 

(PEG) (Figure 3).  As points for comparison, the diffusivity of Aβ monomer is 180 µm2/s in solution 176 
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and 62.3 µm2/s in brain tissue [64]. In solution, the diffusivity of the average Aβ aggregate 177 

population (determined using the 2-component model) is ~6x slower than the monomer for up 178 

to 6 hrs (Figure 3a). In collagen, the diffusivity of the average Aβ aggregate population is ~850x 179 

slower than the monomer for up to 4 hrs (Figure 3b). In agarose, the diffusivity of the average Aβ 180 

aggregate population is ~3,600x slower than the monomer for up to 4 hrs (Figure 3c). In the small 181 

mesh size hydrogels, HA and PEG, the diffusivity of the average Aβ aggregate population are 182 

~130x slower than the monomer with little variation (one order of magnitude or less) for up to 4 183 

hrs (Figure 3d & e).  184 
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 185 

Figure 4 Aβ aggregate distribution using the MEMFCS program. 186 

FCS G(τ) fit of 20 µM Aβ with 250 nM HiLyte Aβ using the MEMFCS program gifted by Dr. S. Maiti 187 

[65]. In a, solution timepoints were collected over 8 hrs (orange; n=6). In b, collagen hydrogel 188 

timepoints were collected over 4 hrs (purple; n=6). In c, agarose hydrogel timepoints were 189 

collected over 4 hrs (green; n=5). In d, HA hydrogel timepoints were collected over 4 hrs (blue; 190 
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n=6). In e, PEG hydrogel timepoints were collected over 4 hrs (grey; n=6). The 2-sample KS test 191 

found a significant difference between all comparisons except solution/agarose, collagen/PEG, 192 

and HA/PEG (see Supplemental Table 1 and Supplemental Figure 1 & 2). 193 

 194 

The correlation functions were also determined using the MEMFCS program. A 195 

distribution of multiple diffusivity populations of Aβ aggregates and their relative fractions were 196 

modeled. In solution, Aβ diffusivity values have a single broad distribution with a peak diffusivity 197 

of 85 µm2/s (Figure 4a). The peak diffusivity of Aβ in solution is ~2x slower than the Scr Aβ 198 

diffusivity, suggesting an Aβ population predominately composed of dimers. In all hydrogel types, 199 

Aβ has a peak diffusivity similar to the diffusivity of Scr monomer. However, in contrast to the 200 

solution samples that only have one diffusivity peak, the diffusivity values in all hydrogel types 201 

show a small secondary diffusivity peak as early as 5 mins after addition of Aβ to the hydrogel 202 

and persists throughout the measurement period (up to 4 hrs) with diffusivity values in the range 203 

of 0.17 µm2/s to 9 µm2/s, or between 360x to 50x slower than Scr Aβ (Figures 4b-e).  The width 204 

of the diffusivity peaks appears to be most narrow for Aβ samples measured in the HA hydrogel.  205 

 206 

Both analysis methods of the FCS data indicate that Aβ aggregates differently in 3D gels 207 

compared to in solution.  Based on these data, a rough estimate of aggregate species size in 208 

hydrogels is ~25x to 200x larger than the Aβ species detected in solution. 209 

 210 
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Toxicity of Aβ in 2D and 3D cultures 211 

Biophysical analysis using ThT and FCS depict matching trends for Aβ aggregation in the 212 

hydrogels as compared to in solution. However, the variations in aggregation between hydrogel 213 

types may favor different size ranges of aggregate species that have varying degrees of toxicity. 214 

Therefore, we examined the viability of PC12 cells when treated with Aβ in 2D and 3D collagen, 215 

agarose, HA and PEG hydrogels over a 72 hr period (Figure 5).  216 

 217 

We acknowledge that the percent viability decreases for all samples over time, but it is 218 

important to note that the medium was not exchanged in order to better retain the evolving 219 

populations of Aβ species that were measured in the ThT and FCS experiments. Over 72 hrs, it is 220 

likely that cell waste accumulates and nutrients are depleted, thus explaining the decrease in cell 221 

viability in all conditions.  222 

 223 

Figure 5 Viability of Aβ treated cells normalized by the untreated condition. 224 
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Viability of PC12 cells treated with 20 µM pretreated Aβ, normalized by respective untreated 225 

conditions. Cells were cultured on 2D collagen or encapsulated within 3D collagen hydrogel, 3D 226 

agarose hydrogel, 3D HA hydrogel, or 3D PEG hydrogel. Viability was tested using a Live/Dead 227 

assay over the 72 hr period. Significant differences were seen in 2D culture in the presence of Aβ 228 

compared to no Aβ at 24, 48, and 72 hrs signified by (*). Significant differences were seen between 229 

all hydrogels treated with Aβ compared to the respective time points in 2D (48 and 72 hrs) 230 

signified by (†). A significant difference was also seen between 3D HA and 2D culture at 24 hrs 231 

signified by (‡). Statistics used n = 4. P values at significantly different times in 2D culture: 24 hrs 232 

(0.004), 48 hrs (<0.001), and 72 hrs (<0.001); 3D cultures: 48 hrs (<0.001) and 72 hrs (<0.001); and 233 

3D HA: 24 hrs (0.045). 234 

 235 

We report the viability data in two ways. In this section of the text, we report the cell 236 

viability percentages for each condition. Then to provide an alternative perspective for 237 

interpreting the results, in Figure 5, we show the same data when normalized by the respective 238 

untreated condition (Figure 5). The percent of viable cells cultured in 2D with Aβ decreased 239 

greatly by 24 hrs (49% viability; p-value 0.004), and then at 48 hrs and 72 hrs, the cell viability 240 

was further reduced to 16% (p-value <0.001) and 12% (p-value <0.001), respectively [14]. The 241 

type of 3D hydrogel did not affect cell viability, yet differences between the viability of Aβ-treated 242 

cells in 3D hydrogels vs. 2D culture at 48 hrs and 72 hrs are significant (p-value <0.001).  243 

 244 
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Considering the normalized cell viability data, at 24 hrs, cells cultured in 3D HA hydrogels 245 

treated with Aβ had higher normalized viability (105%) than in 2D (60%), and this difference is 246 

significant (p-value 0.045, Figure 5). Representative fluorescence microscopy images of 247 

LIVE/DEAD-stained cells at 0 hrs, 24 hrs, 48 hrs, and 72 hrs in 2D and 3D cultures are shown in 248 

Figure 6.  In the presence of Aβ, the extent of cell death (red staining) at 48 hrs and 72 hrs in 2D 249 

culture is striking, while no notable increase in cell death is observed in the Aβ-treated 3D 250 

cultures (Figure 6b - e). 251 
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 252 

Figure 6 Micrographs of PC12 cell viability in 2D and 3D culture. 253 

Cells were cultured on 2D collagen (a), in 3D collagen (b), 3D agarose (c), 3D HA (d) and 3D PEG 254 

(e). Control conditions were cells cultured without Aβ (column labeled “Cells”). Experimental 255 

conditions were cells cultured with 20 µM Aβ (column labeled “Aβ”). Live cells fluoresced green 256 

from Calcein-AM, and dead cells fluoresced red from EthD. Scale bar is 200 µm; all micrographs 257 

are the same magnification. 258 
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 259 

Discussion 260 

In a broad range of contexts, the epigenetics and morphology of cells in vivo can be well-261 

approximated in 3D hydrogel cultures. Though simple hydrogels cannot recapitulate the entire 262 

complexity of in vivo tissues, they do provide strikingly similar results compared to 2D cell culture 263 

[26-27, 29]. Depending on the application, the optimal physiochemical properties of the hydrogel 264 

model will vary. Type I collagen hydrogels have been applied to recapitulate in vivo-like cancer 265 

cell behaviors including migration and invasion [35, 66-67]. Agarose hydrogels are capable of 266 

allowing hepatocytes, fibroblasts, and other cell types to elaborate the distinct cellular zones that 267 

exist within respective tissues [68-70]. The bioactivity of HA hydrogels has been utilized in stem 268 

cell differentiation and patient cancer cell expansion for personalized medicine [71-72]. In 269 

addition, drug delivery applications have utilized PEG hydrogels due to their biocompatibility and 270 

tunable degradation properties [73]. Features of hydrogels that may be important in applications 271 

include mesh size, chemical composition, stiffness, and the presence of ligands or functional 272 

groups that interact with the cell surfaces. 273 

 274 

Hydrogels impart confinement by encapsulating proteins in a macromolecular network. 275 

The network serves to exclude solvent from proteins, which minimizes the ability of proteins to 276 

undergo changes in conformation and increases the local protein concentration; the net result is 277 

that confinement promotes proteins to undertake compact structures and favors protein-protein 278 

interactions. The degree to which a particular hydrogel exerts confinement on an encapsulated 279 

protein is inversely proportional to the gel’s mesh size. With this in mind, we predicted altered 280 
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Aβ aggregation kinetics in gels with small mesh sizes (HA, PEG) vs. those with larger mesh sizes 281 

(collagen, agarose). 282 

 283 

The attenuation of Aβ toxicity in hydrogels could potentially be influenced by cellular 284 

changes that occur due to cell-hydrogel interactions. Thus, we acknowledge that the biological 285 

activity of the hydrogel (e.g., integrin-binding motifs in collagen and CD44- and RHAMM-binding 286 

motifs in HA) may influence Aβ toxicity. Collagen is a commonly used hydrogel, but HA hydrogels 287 

could be more relevant to studies related to the brain wherein the main ECM molecules are HA, 288 

tenascins, and lecticans [45]. Basement membrane ECM molecules such as laminins and 289 

collagens are an important component of the blood-brain barrier and are found surrounding 290 

blood vessels in the brain [74]. Thus, we investigated Aβ aggregation and cytotoxicity in both 291 

biologically-active and inert hydrogels in order to uncover a possible role of bioactivity on cell 292 

susceptibility to Aβ toxicity. 293 

 294 

The kinetics of Aβ aggregation was measured via ThT assay, wherein ThT fluorescence 295 

indicates the presence of β-sheet structures. The presence of β-sheet aggregates was negligible 296 

(no fluorescence) at the start of each experiment. This is consistent with the Aβ pretreatment 297 

process that was used to ensure a consistent population of Aβ monomers at the start of each 298 

experiment [14]. All conditions showed the presence of aggregated Aβ (ThT fluorescence) that 299 

increased over time according to one of four trends: 1) a pronounced lag phase then rapid 300 

aggregation, 2) a two-phase increase in fluorescence depicting an overall relatively slow rate of 301 
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aggregation, 3) a brief slow phase then rapid aggregation, and 4) a two-phase increase in 302 

fluorescence suggesting an overall relatively fast rate of aggregation.  303 

 304 

For Aβ aggregation in solution, ThT fluorescence measurements consistently show a 305 

pronounced lag phase then rapid aggregation or a trend 1 curve (Figure 2). Both ThT and FCS 306 

measurements indicate that the only Aβ species present for up to 20 hrs were small, rapidly 307 

diffusing species that are devoid of β-sheet structures for at least 6 hrs (Figures 2, 3a & 4a). At 308 

these early times, the Aβ species present are likely monomers and dimers as well as a population 309 

of larger species (diffusivities of ~20 µm2/s, Figure 3a, 4a) do not have extended β-sheet structure 310 

(do not bind ThT, Figure 2)  311 

 312 

For Aβ aggregation in 3D hydrogels, all four types displayed the immediate presence of 313 

extended β-sheet structures and a population of large aggregate species (Figure 2, 3b-e & 4b-e). 314 

In other words, for all hydrogels, a type 1 curve was never observed, but instead displayed trend 315 

2, 3, or 4 with some differences in magnitude depending on Aβ lot and random variation. Figure 316 

2 depicts the most common curves observed for each hydrogel type: collagen shows trend 2, 317 

agarose shows trend 3, HA shows trend 3, and PEG shows trend 4. These trends are consistent 318 

with the idea that Aβ is confined in a hydrogel: PEG hydrogels have the smallest mesh size (~20 319 

nm) and show the fastest Aβ aggregation, collagen hydrogels have the largest mesh size (~10 µm) 320 

and show Aβ aggregation occurring at a slower rate than in PEG gels, yet faster than in solution.  321 
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 322 

We expected that given the differences in the Aβ aggregation rate and size distribution 323 

observed in the four hydrogel types, coupled with differences in hydrogel bioactivity, that Aβ 324 

cytotoxicity would vary with the particular hydrogel type, but all hydrogels would be associated 325 

with lower cytotoxicity than that observed in solution. To our surprise, despite quantitative 326 

differences in Aβ aggregation kinetics and aggregate size distributions, all hydrogel materials 327 

completely attenuated Aβ toxicity for up to 72 hrs in culture (Figure 5 & 6). When Aβ aggregation 328 

was reexamined in hydrogels containing cells, there was no difference in respective aggregation 329 

kinetic curve types regardless of the presence of cells (data not shown). From the results 330 

presented herein, it appears the key feature relevant to Aβ toxicity that is consistent across all 331 

hydrogel types is the rapid stabilization of large β-sheet aggregates, suggesting that attenuated 332 

Aβ cytotoxicity in hydrogels may be due to a limited presence of Aβ oligomers that are available 333 

to interact with cells.  334 

 335 

We acknowledge that Aβ aggregation also may be influenced by properties of the 336 

hydrogels (e.g., charge, hydrophilicity) that were not evaluated herein. Also, we cannot rule out 337 

that the attenuation of Aβ toxicity in hydrogels is influenced by confinement of the cells 338 

themselves or effects from the stiffness of the cellular microenvironment. However, we hold that 339 

these possibilities are unlikely given the evidence that 3D culture allows cells to more closely 340 

mimic in vivo phenotypes vs. 2D culture [26-27, 29]. More importantly, we reported in 2002 that 341 

agarose itself does not confer a protective effect against the cytotoxicity of the Aβ 1-40 amino 342 
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acid sequence [43]. Similar results were found with the 1-42 amino acid sequence of Aβ 343 

(unpublished data). Results presented herein may seem to contradict findings in our 2002 344 

publication [43] that Aβ is toxic to cells in 3D agarose hydrogels. It is important to note that 345 

experiments herein utilized Aβ in the monomeric form, whereas the 2002 publication used pre-346 

aggregated Aβ that contained a mixture of fibrils and smaller aggregated species, including the 347 

toxic 20 µm2/s diffusing species. In contrast, we report here that the intermediate 20 µm2/s 348 

diffusing species was not observed in any of the hydrogel types tested (Figures 3 & 4). Therefore, 349 

the current and 2002 reports are consistent in the idea that confinement in a hydrogel alters the 350 

kinetics of Aβ aggregation resulting in a) Aβ populations predominated by larger aggregate 351 

species (as opposed to Aβ in solution wherein oligomers are present for prolonged times), and 352 

b) attenuation of Aβ toxicity vs that observed 2D cultures.    353 

 354 

Our findings have strong implications for in vitro models of disease. Aβ has been studied 355 

for decades in solution; wherein unstructured cytotoxic aggregates are clearly identifiable. Many 356 

drugs have been designed to target Aβ aggregation or interactions with cells. Yet, astoundingly 357 

few AD drugs have been approved by the FDA. We demonstrate here that Aβ cytotoxicity is 358 

completely attenuated in 3D culture models composed of commonly-used hydrogels that have a 359 

broad range of physical, chemical and biological properties.  360 

 361 

Stated more generally, we report that protein-protein interactions are altered in confined 362 

microenvironments. We suggest that this phenomenon may also relate to protein confinement 363 
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as it occurs intracellularly and in vivo. Therefore, any field of research investigating protein 364 

structure and function in contexts relevant to those that exist in vivo should consider the 365 

potential impact of protein confinement by the local microenvironment.  366 

 367 

Materials and Methods 368 

Beta-Amyloid Preparation 369 

Human beta-amyloid (1-42) (Aβ) and scrambled Aβ (1-42) (Scr Aβ) 370 

(AIAEGDSHVLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA) was purchased from AnaSpec 371 

(Fremont, CA) and Genscript (Piscataway, NJ). HiLyte 488-labeled Aβ (1-42) (HiLyte Aβ) and FAM-372 

labeled scrambled Aβ (1-42) (FAM Scr Aβ) were purchased from AnaSpec (Fremont, CA). All other 373 

unspecified reagents were purchased from Sigma Aldrich (St. Louis, MO) or ThermoFisher 374 

Scientific (Waltham, MA).  375 

 376 

To break any existing β-sheet structures and monomerize the protein, lyophilized Aβ was 377 

pretreated with hexafluoro-2-propanol at a concentration of 1 mg/ml for 40 mins until Aβ was 378 

fully dissolved. Aβ aliquots were transferred into glass scintillation vials, and hexafluoro-2-379 

propanol was evaporated under vacuum overnight. Aliquots of dried peptide film were stored at 380 

-20ᵒC. For an experiment, an Aβ aliquot was dissolved in freshly-made and filtered 60 mM NaOH 381 

and allowed to dissolve for 2 mins at room temperature. Tissue culture grade water was then 382 

added, and the vial was sonicated for 5 mins. Next, the Aβ solution was filtered with a 0.2-µm 383 
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pore, 4-mm diameter syringe filter. Sterile phosphate buffered saline (PBS) was then added to 384 

the Aβ monomer solution yielding a final concentration of 222 µM with the NaOH:water:PBS 385 

ratio of 2:7:1. The Aβ solution was used immediately after preparation. HiLyte Aβ and FAM Scr 386 

Aβ were prepared in the same NaOH:water:PBS ratio solution to a stock Aβ concentration of 10 387 

µM.  388 

 389 

Hydrogel Preparation 390 

Rat tail type I collagen hydrogels were prepared to final concentrations of 1 mg/ml. Cold 391 

5x Dulbecco’s Modified Eagle’s Medium (DMEM) without phenol red, 7.5% sodium bicarbonate, 392 

sterile deionized water, and collagen were combined with PC12 cells to generate 3D substrates 393 

in black-walled clear-bottom well plates.  394 

 395 

SeqPlaque Agarose with a concentration of 1% (w/v) was prepared in deionized water 396 

and sterilized. Agarose was heated to 68ᵒC then cooled at room temperature for 5 minutes 397 

before mixing 1:1 with concentrated culture medium; yielding a solution of 1x DMEM without 398 

phenol red, 1% B27, and 0.5% agarose. The hydrogel solution was dispensed into black-walled 399 

clear-bottom well plates and placed in a culture incubator for 20 mins to allow for gelation.  400 

 401 

HA and PEG hydrogels were each crosslinked by a maleimide-thiol Michael addition click 402 

reaction. Hyaluronic acid (HA, 242 kDa) was functionalized with maleimide (HA-Mal) following a 403 
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published protocol [59]. Briefly, HA was dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid 404 

(MES) buffer at a concentration of 5.15 mM. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 405 

(EDC, 15 mM) and N-hydroxysuccinimide (NHS, 15 mM) were added, and the solution was mixed 406 

for 30 mins. Next, N-(2-aminoethyl) maleimide trifluoroacetate salt (AEM, 10 mM) was added 407 

and mixed for 4 hrs covered with plastic wrap. The mixture was dialyzed against 50 mM NaCl in 408 

deionized water for 3 days, then against deionized water for 3 days. The dialyzed solution was 409 

then sterile-filtered and aliquoted aseptically into sterile 15-ml tubes, lyophilized and stored at -410 

20ᵒC. The degree of substitution, the number of maleimide groups per HA chain, was determined 411 

as per [59] by 1H NMR to be ~40.  412 

 413 

For HA hydrogels, HA-Mal was prepared at 1% (w/v) and mixed equal volume with PEG 414 

dithiol (10 kDa) at a molar ratio of 1:1.2 maleimide to thiol. For PEG hydrogels, 4-arm PEG 415 

maleimide (PEG-Mal, 20 kDa) was prepared at 5% (w/v) and mixed equal volume with PEG dithiol 416 

(10 kDa) at a molar ratio of 1:1 maleimide to thiol. All HA and PEG solutions were dissolved in 417 

Neurobasal medium supplemented with 1% B27. PEG solutions were filter-sterilized. In black-418 

walled clear-bottom well plates, maleimide solutions were pipetted into the well first, then the 419 

thiol solution containing experimental additives (cells, Aβ, ThT) was pipetted into the maleimide 420 

droplet to mix. Both HA and PEG gels crosslinked within ~5 sec. 421 

 422 
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Thioflavin T 423 

A black-walled clear-bottom 384 well plate (Costar) was sterilized under UV light for 15 424 

minutes in a laminar flow hood. UltraPure grade Thioflavin T (ThT) (AnaSpec, Fremont, CA) was 425 

dissolved in deionized water at a concentration of 1 mM then filter-sterilized. Wells for 2D and 426 

3D samples were prepared as above but contained 20 µM ThT. The wells were sealed with black 427 

TopSeal-A membranes to prevent evaporation. The ThT experiment was analyzed on a Spectra 428 

Max M5 (Molecular Devices, San Jose, CA) spectrophotometer set to ex. 450 nm, em. 480 nm, at 429 

37ᵒC, taking measurements every 30 mins for 72 hrs and reading from the bottom of the plate. 430 

Replicates were averaged, Aβ data was corrected with ThT control data, and corrected curves 431 

were normalized. As in standard practice in Aβ aggregation studies [75-76] due to the stochastic 432 

nature of aggregation, curves representative of at least 10-20 experiments are presented here. 433 

 434 

Fluorescence Correlation Spectroscopy 435 

Theory 436 

Fluorescence Correlation Spectroscopy (FCS) measures the fluctuations of fluorescence in 437 

a small, optically-defined confocal volume (~10-15 liter). These fluctuations are typically attributed 438 

to the fluorescent particles moving in and out of the volume with a statistical average residence 439 

time, τD. The residence time is proportional to the hydrodynamic radius (RH) of the molecule. The 440 

fluctuations of detected photons inform the autocorrelation, G(τ), function defined as 441 

𝐺𝐺(𝜏𝜏) =
〈𝛿𝛿𝛿𝛿(𝑡𝑡 + 𝜏𝜏)𝛿𝛿𝛿𝛿(𝑡𝑡)〉

〈𝐼𝐼(𝑡𝑡)〉2  442 
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Where 𝛿𝛿𝛿𝛿(𝑡𝑡) = 𝐼𝐼(𝑡𝑡) −  〈𝐼𝐼(𝑡𝑡)〉 is the fluorescence fluctuation determined from the 443 

measured fluorescence intensity, (𝑡𝑡) , at time t, and the average intensity, 〈𝐼𝐼(𝑡𝑡)〉, over the period 444 

of measurement.  The excitation laser, which is focused, is assumed to have a 3D Gaussian profile, 445 

with a characteristic radial dimension (w0) and a characteristic axial dimension (z0). For a solution 446 

of n noninteracting, freely diffusing fluorescent species G(τ) is given by: 447 

𝐺𝐺(𝜏𝜏) = �𝑏𝑏𝑖𝑖 �
1

1 + 𝜏𝜏
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 448 

𝜏𝜏𝐷𝐷𝑖𝑖 =
𝑤𝑤02

4𝐷𝐷𝑖𝑖
 449 

Here the Di values are the n different values of diffusion constants and bi are the relative 450 

fractions in brightness of these species. In practice, the radial and axial dimensions were 451 

determined using Alexa 488 dye in water where the diffusion coefficient (430 µm2/s) is known 452 

and was used to estimate the excitation volume for a 3D Gaussian beam [77]. 453 

 454 

Methods 455 

Neurobasal medium was used in preparing solution samples and contained 20 µM Aβ and 456 

250 nM HiLyte Aβ. Hydrogels were prepared as described with 20 µM Aβ and 250 nM HiLyte Aβ 457 

then pipetted into 0.8-mm deep hybridization chambers (PerkinElmer, Waltham, MA) on a 458 

borosilicate cover glass. Control samples were tested with 20 µM Scr Aβ and 250 nM FAM Scr 459 

Aβ.  460 
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 461 

The FCS measurements were performed using an Alba-FFS microscope-based system 462 

from ISS Inc. (Champagne, IL).  The system is composed of: an Olympus IX81 inverted microscope 463 

equipped with a 60X/1.35NA oil immersion objective lens, a Prior Pro stage, three different lasers 464 

(450 nm, 488 nm, and 532 nm), two Hamamatsu Photon Multiplier tubes (PMTs) for 465 

photodetection, and two sets of computer-controlled scanned mirrors for imaging.  In these 466 

measurements, only the 488-nm diode laser was used for excitation of the fluorophores Alexa 467 

488 or fluorescently-labeled Aβ, and the emitted fluorescence was collected through confocal 468 

detection with a pinhole (< 50 mm) located in the image plane of the excited focused beam inside 469 

the sample.  The emitted fluorescent beam was optically filtered further with (525/50nm) filter 470 

and then sent to a 50/50 beam splitter for detection by two PMTs positioned in a 90-degree angle 471 

configuration.  The photocounts of both PMTs were continuously acquired and then 472 

computationally cross-correlated in order to eliminate the afterpulsing effect of a single PMT, 473 

which is typically noticeable at short delay times (< 10 ms). 474 

 475 

Using Vista Vision software, two runs were carried out back to back collecting for 3 476 

minutes each to generate the correlation function G(τ) for each sample at a time point. The two 477 

correlation functions were averaged, and the Scr Aβ correlation function was fit using the one-478 

component model to determine the diffusivity of the monomer.  Further, the measured time-479 

correlation functions for Aβ were fit using the 2-component model where the size of species 1 480 

was held constant at monomer diffusivity in order to derive the average aggregate diffusivity 481 
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population of the second species. Additional refinement for fitting the correlation functions were 482 

also performed with the Maximum Entropy Method FCS (MEMFCS) thanks to a code gifted by Dr. 483 

S. Maiti (Tata Institute of Fundamental Research), allowing us to obtain the heterogeneous 484 

distribution of aggregate diffusivities at each time point [78].  485 

 486 

Small molecules have a short delay time because they diffuse quickly through the volume, 487 

whereas large molecules have a long delay time because of their relatively slow diffusion through 488 

the volume. The 2-component model is intended to model two distinct molecular species in 489 

solution. For our samples, we held the monomer diffusivity constant as species 1 where the 490 

average diffusivity of aggregated species was identified by solving for species 2.  491 

 492 

Fluorophore labeling of Aβ monomers inhibits aggregation due to the bulky groups 493 

sterically preventing proper monomer to monomer stacking [79]. Therefore, we used a ratio of 494 

1:80 HiLyte 488-labeled Aβ to unlabeled Aβ, and FAM-labeled Scr Aβ to unlabeled Scr Aβ, to allow 495 

unhindered β-sheet stacking. Nanomolar fluorophore concentrations are also preferable in FCS 496 

in order for the detectors to monitor few individual fluorescent molecules in the confocal volume, 497 

enhancing hence the signal-to-noise of the fluctuations. 498 

 499 
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Cell Culture 500 

PC12 cells (ATCC, Manassas, VA) (CRL-1721TM) were cultured in collagen-coated flasks. 501 

Growth medium consisted of DMEM/F12 with L-glutamine and without phenol red, 502 

supplemented with 10% inactivated horse serum, 5% fetal bovine serum, and 20 µg/ml 503 

gentamicin. Experimental medium consisted of Neurobasal medium without phenol red, 504 

supplemented with 1% B27 and 20 µg/ml gentamicin. Phenol red and serum were avoided in the 505 

experiments because they are inhibitors of Aβ aggregation [80-81].  506 

 507 

Live/Dead Assay 508 

PC12 cells were collected by trypsin treatment, and viability was determined by trypan 509 

blue staining. To remove serum, cells were resuspended in experimental medium, pelleted then 510 

resuspended again in experimental media. In a black-walled clear-bottom tissue culture treated 511 

96-well plate, wells for 2D culture were collagen-coated, and then PC12 cells were seeded at 15 512 

x 103 cell/cm2. For the 3D hydrogels, PC12 cells were mixed in collagen and agarose gel solution 513 

at a concentration of 500 cell/µl; the solution was then pipetted (30 µl) into the well plate and 514 

allowed to solidify. For HA and PEG hydrogels, PC12 cells were mixed in PEG dithiol solutions at 515 

a concentration of 1000 cell/µl. HA-Mal and PEG-Mal solutions were pipetted (15 µl) into the well 516 

first; then the PEG dithiol solution (containing cells) was pipetted (15 µl) into the maleimide 517 

solution to mix. The final HA and PEG hydrogels had a PC12 cell concentration of 500 cell/µl. All 518 

wells were incubated in 200 µl warmed medium.  519 

 520 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 23, 2019. ; https://doi.org/10.1101/711770doi: bioRxiv preprint 

https://doi.org/10.1101/711770


31 
 

To determine cell viability, the Live/Dead mammalian cell kit (Invitrogen, Carlsbad, CA) 521 

was applied at a concentration of 4 µM Calcein AM (green-fluorescing live cell reporter) and 9 522 

µM Ethidium homodimer-1 (EthD) (red-fluorescing dead cell reporter) and incubated at 37ᵒC for 523 

30 minutes. Images were captured on an IX81 Olympus inverted fluorescent microscope. A 524 

minimum of 100 cells were counted per well (two images per well), and three wells per condition 525 

were tested. The data is presented as percent viability, averaged between the three replicate 526 

experiments.  527 

 528 

Statistical analysis 529 

Data were analyzed for statistical significance with Prism v8 software (GraphPad). The raw 530 

FCS experimental G(τ) curves, the 2-component model calculated G(τ) curves, and the MEMFCS 531 

calculated G(τ) curves were analyzed for significance using the 2-sample Kolmogorov-Smirnov 532 

test with 95% confidence. To correct for multiple comparisons, we used the two-stage step-up 533 

method of Benjamini, Krieger and Yekutieli with the false discovery rate (FDR) set to 5%. Cell 534 

viability data were analyzed with a general ANOVA with a post Tukey pairwise test which 535 

determined significant deviation from the population mean with a p-value <0.05 with 95% 536 

confidence.  537 

 538 
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