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Abstract 

Background Amyloid beta peptide (Aβ) is the main component of plaques and is known to play a role in the devel-
opment of Alzheimer’s disease (AD). As a result, structures that can trap Aβ or disrupt the interaction between Aβ and 
cells have been researched as a way to lessen the pathological effects of Aβ. Particularly, sialylated compounds 
that exhibit clustering effects could be advantageous.

Results Through the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide chemistry, sialic acid (N-acetylneu-
raminic acid) was used to decorate a chitosan backbone. The compounds were characterized using Fourier-transform 
infrared spectroscopy (FTIR) and colorimetric assays. Using the model neuroblastoma cell line SH-SY5Y, the ability of 
these compounds to lessen the toxicity of Aβ was examined in vitro. Successful in vitro mitigation of Aβ toxicity was 
found to be critically dependent on the degree of sialylation. In particular, a balance between the degree of sialyla-
tion and molecular flexibility was determined to be the criteria as it allows for natural clustering. Additionally, chitosan 
alone demonstrated low levels of cellular toxicity with moderate levels of toxicity mitigation (comparable to low 
degrees of labelling).

Conclusions Compounds were successfully produced, and they varied in their effectiveness in reducing Aβ’s toxicity 
to cells in culture. The effect of molecular flexibility and clustering on toxicity mitigation is explained in this work. This 
shows the potential of polymeric sugars for the creation of AD treatments.
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Background
More than 6 million Americans will be affected by Alz-
heimer’s disease (AD) in 2022, making it the leading 
cause of neurodegeneration in the USA. The majority of 
the estimated $321 billion cost was attributable to con-
tinued care for patients who were no longer capable of 
caring for themselves (Alzheimer’s Association 2022). 
Although there are numerous hallmarks of Alzheimer’s 
disease (such as neurofibrillary tangles and amyloid 

plaques), we will focus on fibrils, of which Aβ is the pri-
mary protein component. We chose this target because it 
is widely believed that Aβ is the principal agent responsi-
ble for AD-related neurodegeneration.

A number of researchers, including ourselves, have 
hypothesized that Aβ binds to cell membranes via inter-
action with gangliosides or glycoproteins containing 
sialic acid on the cell surface (Ariga et  al. 2001; Kakio 
et  al. 2003; Wakabayashi et  al. 2005; Patel et  al. 2007, 
2006; Murray et al. 2016; Rawal and Zhao 2021; Matsu-
zaki 2020; Shin et  al. 2019; Fantini et  al. 2020). Numer-
ous studies (Ariga et  al. 2001; Kakio et  al. 2003; Patel 
et  al. 2007, 2006; Murray et  al. 2016; Sgambati et  al. 
2022; Choo-Smith and Surewicz 1997; Chaudhary et  al. 
2019) have demonstrated that the binding affinity of Aβ 
to the membrane is greater when multiple sialic acids 
are present, either due to the clustering of gangliosides 
or the degree of sialylation of gangliosides. Previously 
synthesized membrane-mimetic multivalent sialic acid 
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polymers have been found to reduce toxicity (Patel et al. 
2007, 2006; Evangelisti et al. 2016; Rudajev and Novotny 
2020; Gupta et al. 2019; Wu et al. 2021), induce Aβ aggre-
gation, and promote plaque formation (Sgambati et  al. 
2022; Zaman et  al. 2018; Lünemann et  al. 2021). These 
materials also bind to Aβ with high affinity (association 
binding constants on the order of  107 to  108   M−1, com-
pared to  106 to  107   M−1 for sialic acid-containing mem-
branes to Aβ) (Patel et  al. 2007, 2006; Sgambati et  al. 
2022; Cowan et al. 2009, U 2009). Core polymer toxicity 
was a major issue. This work addresses this deficiency 
by employing chitosan as the core backbone polymer, as 
chitosan is FDA-approved for implantation(Wang et  al. 
2020a, 2020b; Negm et al. 2020; Azmana et al. 2021).

Methods
Materials
The beta peptide was sourced from Anaspec Inc. (San 
Jose, CA). ATCC was used to source the human neu-
roblastoma SH-SY5Y cells (Manassas, VA). All mate-
rial necessary for culturing the cells were obtained from 
Invitrogen (Grand Island, NY). Chitosan powder with 
mean molecular weight of 15,000 was sourced from 
Polysciences Inc. (Warrington, PA). Pierce Biotechnol-
ogy (Rockford, IL) supplied 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) and Sulfo-NHS. Separation 
units were sourced from Millipore (Billerica, MA). Inv-
itrogen was utilized to purchase the eBioscience Annexin 
V Apoptosis Detection Kit (Waltham, MA). All addi-
tional chemicals and materials not mentioned previously 
were sourced from Sigma-Aldrich (St. Louis, MO).

Peptide preparation
The Aβ fibrils were generated using techniques previ-
ously developed and published as standard techniques 
from the production of toxic fibril species (Patel et  al. 
2006; Rymer and Good 2001). Before making the aggre-
gated Aβ peptide, the lyophilized powder of Aβ pep-
tide was dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol 
(HFIP). The HFIP solution was then dried overnight. 
The resulting dry peptides film of Aβ (1–40) was dis-
solved in DMSO at concentration of 10  mg/ml and 
incubated for 1 h at 25  °C to generate a stock solution 
for future fibril formation. After incubation, stock solu-
tions of Aβ were diluted to their final concentrations in 
cell culture medium and aggregated at 25  °C for 24  h 
under rotational mixing before addition to the cultures. 
Literature indicates that the described method pro-
duces fibrils that are consistently toxic in  vitro at the 
utilized concentrations (Patel et  al. 2006; Rymer and 
Good 2001). Aβ (1–40) peptide was used to maintain 
consistency with previous works to allow for direct 
comparison. While we recognize that Aβ (1–42) is 

inherently more toxic, Aβ(1–40) peptide is the most 
abundant Aβ form in the human brain, with Aβ(1–42) 
showing a significant increase with certain forms of AD 
(Schmidt et al. 2009).

Cell culture
SH-SY5Y cells were grown in Minimum Essential 
Media (MEM) containing 10% (vol/vol) fetal bovine 
serum, 2.2 mg/ml  NaHCO3, 100U/ml penicillin, 100 g/
ml streptomycin, and 2.5 g/ml amphotericin-B. (fungi-
zone). Prior to their use in toxicity experiments, SH-
SY5Y cells were differentiated with 20 ng/ml NGFβ for 
5–7 days in 96-well plates. All cells used in experiments 
were less than 10 passages old to ensure consistency in 
cellular response.

Sialic labeled chitosan: synthesis and purification
Using EDC chemistry, sialic acid was conjugated with 
chitosan according to the manufacturer-recommended 
protocol, with minor modifications. Chitosan was dis-
solved in PBS to a final concentration of 8 mg/ml. Uti-
lizing information from the supplier, the number of 
available primary amines on the chitosan backbone was 
determined from the degree of glycosylation (approxi-
mately 84%). This value was then used to determine the 
concentrations of sialic acid and EDC to be used during 
conjugation. To determine the effect of varying labeling 
densities, the ratio of sialic acid to amines was varied. 
A sialic acid conjugation solutions of varying concen-
trations was created using activation buffer (pH 6 solu-
tion of MES and 0.5 M NaCl). 1.1 mg of Sulfo-NHS and 
0.3626 mM of EDC were added to this activated buffer 
solution. The pH was maintained between 5.0 and 6.0 
by using a phosphate buffer of 0.1 M. (at pH 7.2). The 
reaction mixture was continuously rotated for 15  min 
at room temperature. The unreacted EDC was then 
rendered inactive by adding 1.4 l of 2-mercaptoethanol. 
The reaction mixture was stirred for 2 min before 1 ml 
of chitosan solution was added, the pH was adjusted to 
7.0 with phosphate buffer, and the mixture was left to 
react overnight. The reaction mixture was examined for 
precipitation after 24 h. Before purification, the result-
ant precipitate was dissolved by adding 10% (vol/vol) 
acetic acid solution drop by drop.

To remove unreacted sialic acid and EDC from the 
reaction volume, a 10,000 NMWL cutoff ultra-cen-
trifugal filter unit was utilized for ultrafiltration. Each 
time, six DI water washes were performed to remove 
any free (unbound) sialic acid still remaining (Patel 
et al. 2006). The resulting solution was stored in dark-
ness at − 4 °C.
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Verification and quantification of extent of sialic acid 
conjugation
Using an Fourier-transform infrared spectroscopy 
(FTIR) outfitted with attenuated total reflection (ATR) 
capability, the presence of sialic acid on chitosan was 
determined. Compound samples of sialic acid-chitosan 
conjugates were lyophilized for FTIR analysis. All sam-
ples were freeze-dried and desiccated prior to analysis. 
This includes naïve chitosan that was scan to develop 
an unconjugated baseline.

Sialic acid attachment was determined using (War-
ren 1963; Cheeseman et  al. 2021) method. The free 
sialic acid was subjected to periodic oxidation in this 
method, resulting in the formation of formyl pyruvic 
acid. This resulting compound reacts with two mole-
cules of thiobarbituric acid to generate a red solution. 
The resulting solution was spectroscopically analyzed 
at 549  nm. The Warren test employs the subsequent 
solutions:

(a) 0.2M Sodium (meta) periodate in 9M phos-
phoric acid (prepared fresh each time)
(b) 10% (w/v) Sodium arsenite in a solution of 
0.5M sodium sulphate-0.1M  H2SO4
(c) 0.6% (w/v) Thiobarbituric acid in a solution of 
0.5M sodium sulphate

The procedure to determine the extent of sialic acid 
labeling is as follows (Warren 1963):

(a) A sample containing 0.3  mM of bound sialic acid 
(assuming 100% attachment efficiency) was treated 
at 80 °C for 1 h with 0.1N HCl.

(b) 0.2 ml of the resulting sample is treating with 0.1 ml 
of periodate solution (a) and incubated at room 
temperature for 20 min.

(c) The solution from step 2 is treated with 1  ml of 
arsenite solution (b) and agitated until the solutions 
turned clear.

(d) The solution was then treated with 3 ml of thiobar-
bituric acid solution (c). The solutions were agitated 
and incubated in a boiling water bath for 15  min. 
Any presence of a white color indicates failure of 
step 3 and requires the sample to be discarded.

(e) The solution was incubated in a water bath for 
5 min for color development.

(f ) The solution was treated with 4.3 ml of Cyclohex-
anone and agitated.

(g) The solution was then centrifuged at 1500  g and 
25  °C for 7  min to phase separate the water and 
cyclohexane phases. The color should be primarily 
collected in the organic phase.

(h) The resulting cyclohexane phase (the top layer) 
was collected and the absorbance was measured at 
549 nm.

This procedure was also utilized to develop a standard 
curve for free sialic acid in solution and on chitosan to 
verify no interference in the underlying assay.

MTT toxicity assay
SH-SY5Y cells were seeded at a density of 2 ×  104 cells 
per well in 96-well plates, and NGF was used to induce 
differentiation for 5.7  days. After incubation, the media 
was replaced by fresh media containing the either Aβ, 
chitosan with varying degrees or sialylation, or both. 
Using methods described in earlier sections, a 50uM con-
centration of Aβ  peptide was prepared. In each experi-
ment, Aβ  was added to the cells approximately 30  min 
before chitosan or conjugated compound was added. 
On a 96-well plate, a gradient of chitosan and conju-
gated compound from 30 to 1 M was applied. Following 
the addition of Aβ, chitosan, and chitosan conjugated 
with sialic acid for 24 h, the viability of cells was deter-
mined using the MTT assay. The media in the wells were 
replaced with 100ul of media devoid of phenol red. 10ul 
of a freshly prepared 5 mg/ml MTT solution was added 
to each well in a culture medium without phenol red. 
After two hours of incubation, the cells were examined 
for the presence of purple crystals and the medium was 
replaced with 200ul of DMSO and incubated with mixing 
for 20 min. The resulting samples were measure optically 
at 570  nm and 690  nm to determine the concentration 
of formalin. The resulting viabilities were divided by the 
sample control viability (no adulterants in the media to 
normalize for comparison.

Apoptosis assay
SH-SY5Y viability was determined using Annexin V PE 
and 7-AAD staining. Annexin V in a fluorescently labeled 
phospholipid binding protein that indicates a cell marked 
for phagocytosis (undergoing apoptosis). 7-AAD is a 
nucleic acid binding protein that is excluded by living 
cells. Cells that exhibit response to the dyes can be cat-
egorized according to Table 1.

Table 1 Cell status mapping for apoptosis assay

Cell phase Annexin V PE status 7-AAD status

Alive Negative Negative

Early apoptotic Positive Negative

Late apoptotic Positive Positive

Necrotic Negative Positive
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SH-SY5Y cells were plated in 96-well plates to a con-
centration 2 ×  104 cells per well. After 4 days, the media 
was removed and replaced with medium containing 
50uM Aβ. 30  min later, 30uM of the compound to be 
tested (chitosan, fourfold, or tenfold SA conjugated chi-
tosan) was added and the system was incubated for 24 h. 
Following incubation, the cells were prepared for flow 
cytometry by detaching cells from the wells by using 
150μL of dissociation buffer at room temperature for 
10  min. 5μL of Annexin V PE conjugate was added to 
each well and left to incubate at 25 °C for 15 min in the 
dark after brief shaking. The liquid was decanted after 
centrifugation (1400  rpm for 5  min), after with 5μL of 
7-AAD solution was added to each well and left to incu-
bate for an additional 20  min. Immediately after, cell 
fluorescence was measured with the FCMS (BD FAC-
SMelody, Becton Dickinson, Bedford, MA). Cells were 
analyzed using a blue laser pathway (488 nm) with fluo-
rescence measured using 586/42 nm and 700/54 nm fil-
ters to detect Annexin V PE and 7-AAD, respectively. 
Flow rates were adjusted to maintain an event rate of 
500 events/second with a total event threshold of 10,000 
events. The low event rate was maintained to prevent 
signal overlap between samples and to maximize the 
accuracy of the results. Gating was done to obtain per-
centages of the total cell population that were present in 
each of the four phases described in Fig. 1.

The apoptosis assay used relies on the binding of two 
dyes. The first, Annexin V PE relies on the interaction of 
Annexin V, an intracellular protein that binds to phos-
phatidylserine. During apoptosis, cells begin transporting 
phosphatidylserine from the intracellular leaflet of the 
plasma membrane to the external leaflet. This allows for 
external labelling of the cell by Annexin V, thus attaching 
the fluorescent PE to the cell surface of apoptotic cells in 
much higher concentrations than that of healthy cells.

Second, 7-AAD is a fluorescent compound with a 
strong binding affinity to DNA. However, 7-AAD does 
not cross the cellular membrane or nuclear envelop read-
ily. As such, the cell must have undergone severe per-
foration of both membranes for 7-AAD to bind. This 
indicates either late-apoptosis or necrosis.

Results
Validating SA conjugation
Figure  2a–c show the FTIR for Compound B  (NH2/
SA = 1), Compound F  (NH2/SA = 4), Compound 
G  (NH2/SA = 10) respectively (dashed line). The FTIR 
spectrum of chitosan (solid line) is overlayed to allow for 
better elucidation of spectral differences.

In the region between 3000 and 3500   cm−1, the FTIR 
spectrum of pure chitosan reveals two weak peaks that 
are indicative of the presence of primary amines. These 

peaks are missing in the spectra of the compounds, thus 
indicating complexation of the primary amine. To further 
support this assertion, a broad band stretch for amide –
NH frequency is also demonstrated. In the compound 
spectra, a strong peak at 1650   cm−1 indicated the pres-
ence of an amide bond. The loss of primary amines and 
formation of amide bonds confirmed that SA and chi-
tosan formed a compound. We also see the loss of the 
C=O of carboxylic acid between 1700 and 1725   cm−1 
in the compound spectra. This indicates little to no free 
sialic acid in the sample contributing to the spectra. 
Finally, the compound shows alcohol peaks at 1030  cm−1 
and 1380  cm−1. These peaks are expected with the pres-
ence of conjugated sialic acid, with the abundance of OH 
groups.

The spectra for other concentrations (compounds A, C, 
D, and E) are not shown, as they look similar and provide 
no additional complexation information. However, they 
were verified for attachment of sialic acid.

Quantification of sialic acid conjugation
To generate a standard curve, pure sialic acid was sub-
jected to the Warren assay. As shown in Fig. 3, the War-
ren assay yields extremely precise and reproducible 
results with a very small standard deviation. If the sialic 
acid concentration in the sample was between 0.05 mM 
and 0.3  mM, the assay produced accurate results with 
higher concentrations resulting in saturation. The 

Fig. 1 Gating layout of FCMS apoptosis assay. The cells fall into one 
of four categories from the apoptosis assay. These categories are: 
Alive (Q1 – low 7-AAD and low Annexin V PE), Early apoptotic (Q2 – 
low 7-AAD and high Annexin V PE), Late apoptotic (Q3 – high 7-AAD 
and high Annexin V PE), and Necrotic (Q4 – high 7-AAD and low 
Annexin V PE)
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Fig. 2 FTIR spectra of chitosan compound (dashed line) and pure chitosan (solid line). a Compound B is produced using EDC chemistry with 1:1 
ratio of sialic acid to primary amines available on the chitosan backbone; b Compound F is produced using EDC chemistry with 4:1 ratio of sialic 
acid to primary amines available on the chitosan backbone; c Compound G is produced using EDC chemistry with 10:1 ratio of sialic acid to primary 
amines available on the chitosan backbone
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Warren assay also showed no cross-reactivity with chi-
tosan, indicating no concerns for interference with signal.

To determine the extent labeling with sialic acid, the 
maximum available primary amine was determined from 
the supplier information on degree of deacetylation of 
chitosan. The resulting value was the compared the sialic 

acid results from the Warren Assay. This was necessary 
as the FTIR was found to be more qualitative than quan-
titative, as expected. The degree of sialic acid labeling is 
shown in Table 2.

The conjugation chemistry follows a standard satura-
tion curve for sialic acid labeling, as shown in Fig. 4. The 

Fig. 2 continued

Fig. 3 Warren Assay Calibration Curve. Visible absorbance read at 549 nm with a blank of buffer without Warren reagents
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degree of labeling increases as the concentration of sialic 
acid rises until the curve begins to saturate. In addition, 
the data indicate that the saturation feature appears after 
sample C (with a ratio of amines to SA of 1). As more 
sialic acids link to chitosan via amine groups, it may 
become more difficult to accommodate further sialic 
acids. As the majority of SA’s already present on the chi-
tosan would prohibit free SA from interacting with the 
amines on chitosan, it appears doubtful that we could 
label chitosan to a higher degree using SA.

Efficacy of compounds to prevent toxicity
Cellular toxicity was determined via the MTT assay. 
The compounds were evaluated against 50uM Aβ while 

varying compound concentration between 1 and 30uM. 
Naïve compound toxicity can be seen in Fig. 5.

As can be seen from Fig.  5, an increase in labeling 
shows an increase in toxicity. This trend also holds for 
concentration, with the exception being indicated by the 
10 × labeling. While there appears to be an upward trend, 
statistical analysis indicates that this just an artifact of the 
mean values, with almost no statistical relevance in the 
upward trend. This indicates a possible saturation effect 
in the 10 × sample.

After evaluating intrinsic toxicity, the compounds were 
evaluated for protective properties. These results are 
shown in Fig. 6.

As can be seen in Fig. 6, all compounds including naïve 
chitosan showed strong protective properties when com-
pared to cells treated with Aβ only (0 uM concentration 
on the graph). The viability for all points above 0 uM 
sialic acid/chitosan were statistically different from the 
control of Aβ only using a Tukey analysis (p < 0.05).

Apoptosis assay
Twofold, tenfold, and naïve chitosan were tested with 
Aβ to determine the route of cell death. The results were 
compared to those for viable cells (no Aβ) and Aβ alone 
to compensate for cell death resulting from the other 
sources (cell lifting, pipetting, etc.). The results are shown 
in Table 3 and Fig. 7.

Table 2 Percent labeling of chitosan from EDC

Sample ID [SA]:[NH2] in reaction 
solution

Degree of 
labeling (%)

A 1:4 7.8 ± 1.1

B 1:1 14.1 ± 1.9

C 1.33:1 17.6 ± 0.4

D 1.66:1 24.5 ± 0.5

E 2:1 37.3 ± 1.5

F 4:1 40.7 ± 1.4

G 10:1 48.0 ± 2.5

Fig. 4 Sialic acid saturation of chitosan. Letters represent the sample ID for each point with the degree of labeling shown in Table 2
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Fig. 5 Intrinsic toxicity of compounds and naïve chitosan. The lines are labeled according to the sialic acid/amine ratio in the EDC reaction mixture

Fig. 6 Protective properties of chitosan and chitosan/SA compounds. The lines are labeled according to the sialic acid/amine ratio in the EDC 
reaction mixture. Aβ concentration is 50uM
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Statistical analysis
For all compounds, Tukey analysis was performed to 
compare within complex set to determine the statisti-
cal variation in intrinsic toxicity. The results are found in 
Figs. 8(a–h).

For all low degree of labeling sample sets (naïve chi-
tosan through complex D), there was no statistically iden-
tified intrinsic toxicity or trend of increasing toxicity with 
increasing concentration. However, for higher degrees 
of sialic acid labeling (complexes E, F, and G), there was 
some indication of increased toxicity, with a trend devel-
oping for complexes F and G.

Figure 9 shows a comparison of intrinsic toxicity for all 
complexes at each concentration of 5uM or less.

For all low degree of labeling sample sets (naïve chi-
tosan through complex D), there was no statistically 
identified intrinsic toxicity or trend of increasing toxicity 
with increasing degree of labelling. However, for higher 
degrees of sialic acid labeling (complexes E, F, and G), 
there was some indication of increased toxicity, with 
a trend developing for complexes F and G, indicating 
much higher intrinsic toxicity for the higher degrees of 
labelling.

Figure 10 shows a comparison intrinsic toxicity for all 
complexes at each concentration 10uM or greater, with 
the control (no compound introduced) included for 
comparison.

Similar to what we saw at lower concentrations, for 
all low degree of labeling sample sets (naïve chitosan 
through complex E) at higher concentrations, there was 
no statistically identified intrinsic toxicity or trend of 
increasing toxicity with increasing degree of labelling. 
However, for higher degrees of sialic acid labeling (com-
plexes F and G), there was some indication of increased 
toxicity, with a trend developing for complexes F and G, 
indicating much higher intrinsic toxicity for the higher 
degrees of labelling.

Similarly, Tukey analysis was performed within each 
complex set to determine the statistical variation in pro-
tective properties. The results are found in Fig. 11a–h

Table 3 Apoptosis assay results

Sample Alive (%) Early 
apoptotic  
(%)

Late 
apoptotic  
(%)

Necrotic  (%)

Viable 77.95 1.74 5.11 15.20

Aβ alone 33.86 14.22 36.15 15.77

Chitosan + Aβ 60.64 3.92 4.07 31.37

twofold + Aβ 73.60 6.45 6.50 13.45

tenfold + Aβ 41.66 14.53 19.6 24.21

Fig. 7 Protective properties of chitosan and chitosan/SA compounds as measure by FCMS. Each grouping represents a cell treatment, while the 
different bars represent phase of cell viability for each sample of cells
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For all sample sets, there was strong statistical evi-
dence of Aβ toxicity attenuation that saturated a levels 
of 3uM of complex or lower. With maximum protection 
occurring for complexes C, D, and E. The protection 
seemed to fall off as sialic acid labeling degree deviated 
from the middle values.

Figure 12 shows a comparison of toxicity attenuation 
for all complexes at each concentration of 5uM or less.

Figure  13 shows a comparison all complexes at each 
concentration 10uM or greater, with the control (no 
compound introduced) included for comparison.

Fig. 8 Statistical analysis of intrinsic toxicity using Tukey analysis for a Complex A, b Complex B, c Complex C, d Complex D, e Complex E, f Complex 
F, (g) Complex G, and h Unlabeled chitosan. Any bars labeled with the same letter within a given panel show no statistical difference in normalized 
viabilities as given by Tukey’s test at p < 0.05. Each panel should be considered separately when comparing lettering. The panels are grouped to 
maintain continuity with similar content and analysis. Error bars represent standard error in the data
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Both low and high concentrations of attenuators 
showed statistically relevant levels of protection, with C, 
D, and E showing the most beneficial response, on aver-
age across all concentrations. As the degrees of labeling 
deviated from these central values (higher or lower), the 
protect properties show some minimal waning, while still 
maintaining a significant degree of attenuation.

Discussion
Sialic acid conjugation
As indicated by the results, the degree of labeling of chi-
tosan with sialic acid shows a concentration dependence 
during conjugation. This was expected, as the reac-
tion is concentration dependent. However, as there are 
a limited number of attachment sites on chitosan, the 
chemistry showed a saturation behavior. While utiliz-
ing a chitosan backbone with higher acylation percent-
age might improve the degree of labeling, it is likely to 
decrease the flexibility of the final structure, resulting in 
lower protective properties. Additionally, as indicated 
in this work, additional sialic acids on the backbone are 
likely to result in higher toxicity creating an additional 
negative impact on the compound effectiveness. It is 
likely that the optimum degree of labeling is, as indicated 
in this study, between 24.4% and 37.3%, with additional 

studies being necessary to pinpoint the optimum value 
more accurately. However, based on the lack of a statisti-
cally relevant peak when comparing the central labeling 
values, the optimum value is likely not to produce statis-
tical different results from the compounds tested in this 
study.

Efficacy of compounds to prevent toxicity
As shown in Fig. 5, there is a substantial rise in toxicity 
between the ’2 Fold’ and ’4 Fold’ compounds, with mini-
mal toxicity below 2 Fold. This is consistent with the tran-
sition to saturation observed in the labeling study, which 
suggests a correlation between the toxicity and adaptabil-
ity of the molecule. Additionally, there appears to be an 
affect with the 10 Fold labeling compound that indicates 
a decrease in toxicity at higher concentrations. However, 
shown in the statistical analysis, this increase is not a 
statistically significant trend, indicating that the 10 Fold 
compound is actually just inherently toxic and reach-
ing a saturation point of toxicity relatively quickly. This 
saturation could be related to charge shielding between 
molecules or media interaction quenching other toxic 
effects. Additional studies will be necessary to elucidate 
any potential behavior.

Fig. 9 Statistical analysis of intrinsic toxicity using Tukey analysis across all complexes at low concentrations. Any bars labeled with the same letter 
within a given concentration grouping show no statistical difference in normalized viabilities as given by Tukey’s test at p < 0.05. Each concentration 
grouping should be considered separately when comparing lettering. Error bars represent standard error in the data
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As far as protective properties are concerned, Fig.  6 
and the statistical analysis around Aβ toxicity attenua-
tion show that for all compounds, there is a statistically 
significant increase in protection while rapidly reach-
ing the protective maximum (saturation), similar to the 
saturation effect seen in toxicity. This is potentially due 
to interactions with cell surfaces creating a bottleneck for 
protection (as opposed to an interaction with Aβ being 
the protective mechanism). This possible explanation 
would account for saturation behaviors, as the cellular 
decorating could be achieved with lower concentrations 
that those for Aβ interaction, potentially. This would also 
be in alignment with results from previous studies with 
large polymers resulting in similar cellular toxicity satu-
ration (Patel et al. 2007, 2006).

While all compounds (including chitosan) exhibited 
protective qualities, there was a clear distinction between 
’2 Fold’ and ’4 Fold’. This suggests that a compromise can 
be struck between the degree of sialyation and backbone 
flexibility (which is crucial for the sialic acid’s ability to 
’cluster’). Figure 5 also illustrates this change. Even more 
intriguing is chitosan’s ability to demonstrate protective 
characteristics comparable to sialic acid. The chitosan 
protective properties are potentially the result of charge 
surface interactions with the cell blocking Aβ access to 

the cell (basically, an inverse of the competition reaction 
seen with sialic acid). While this has promise as a poten-
tial protection, there are hazards associated with over-
loading the cell membrane surface with large polymers, 
including starvation, ion channel disruption, and agonis-
tic and antagonistic receptor interactions. However, this 
does suggest that sugar structures may play a crucial role 
in Aβ binding, suggesting that different biological sugars 
may be more advantageous than sialic acid.

Apoptosis assay
From the results in Table 3, it appears that the route of 
cell death (apoptosis vs necrosis) is dependent upon the 
treatment. As expected, Aβ induced a high level of apop-
tosis vs necrosis. This was mitigated by the introduc-
tion of chitosan and the twofold SA labeled chitosan. 
However, chitosan appears to induce a twice the level 
of necrosis to that of Aβ alone, which was not see in the 
twofold sample. However, the tenfold sample appears to 
induce a significant amount of cell-death in both mecha-
nisms. These results indicate that the method of protec-
tion for the compounds involved may be different. This is 
further supported by the likely change in compound sur-
face charge upon SA labeling (chitosan showing a posi-
tive charge at biological pH with the primary amines and 

Fig. 10 Statistical analysis of intrinsic toxicity using Tukey analysis across all complexes at high concentrations. Any bars labeled with the same 
letter within a given concentration grouping show no statistical difference in normalized viabilities as given by Tukey’s test at p < 0.05. Each 
concentration grouping should be considered separately when comparing lettering. Error bars represent standard error in the data
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Fig. 11 Statistical analysis of Aβ (50 μM) toxicity attenuation using Tukey analysis for a Complex A, b Complex B, c Complex C, d Complex D, e 
Complex E, f Complex F, g Complex G, and h Unlabeled chitosan. Any bars labeled with the same letter within a given panel show no statistical 
difference in normalized viabilities as given by Tukey’s test at p < 0.05. Each panel should be considered separately when comparing lettering. The 
panels are grouped to maintain continuity with similar content and analysis. Error bars represent standard error in the data
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Fig. 12 Statistical analysis of Aβ (50 μM) toxicity attenuation using Tukey analysis across all complexes at low concentrations. Any bars labeled with 
the same letter within a given concentration grouping show no statistical difference in normalized viabilities as given by Tukey’s test at p < 0.05. 
Each concentration grouping should be considered separately when comparing lettering. Error bars represent standard error in the data

Fig. 13 Statistical analysis of Aβ (50 μM) toxicity attenuation using Tukey analysis across all complexes at low concentrations. Any bars labeled with 
the same letter within a given concentration grouping show no statistical difference in normalized viabilities as given by Tukey’s test at p < 0.05. 
Each concentration grouping should be considered separately when comparing lettering. Error bars represent standard error in the data
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SA having a negative charge while reacting to the amines 
to eliminate their effect). The charge shielding behavior 
becomes more prevalent at the higher SA labeling.

Conclusions
In this study, the efficiency of chitosan and chitosan/SA 
compounds in preventing Aβ toxicity is convincingly 
proven. The narrow error bars in the obtained data dem-
onstrate that the labeling methods produced predict-
able and reproducible outcomes. In conjunction with the 
’peak’ protective features of the twofold labeling com-
pound, the saturations behavior of labeling shows a com-
promise between backbone flexibility and SA clustering 
effects. Nevertheless, the inherent protective character-
istics of chitosan suggest a potential amine-interaction 
mechanism related with protection. This may be due to 
charge shielding on the cell surface, which interferes with 
Aβ binding. Additional testing of chitosan and chitosan 
analogues should assist in elucidating the mechanism.
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