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The misfolding and fibrillization of β amyloid (Aβ) is a major pathological hallmark of Alzheimer’s disease (AD) and creates 
an important niche for developing targeted probe and drug designs. Phthalocyanine and porphyrin analogues are known to 
interact with Aβ species and interrupt their aggregation, and in this study we show that by conjugating to small molecules 
that can function as Aβ aggregation blockers such as curcumin and bexaroten, improved potential drug candidates can be 
developed. In this work, we investigated porphyrin zinc (ZnPorp) analogues and phthalocyanine zinc (ZnPc) conjugates and 
compared their inhibitory effects on formation of Aβ42 fibrils. We show that probe designs with a good hydrophilic- 
hydrophobic balance as observed with the ZnPc conjugate analogues are deemed as better inhibitors in modulating Aβ42 

aggregation. 

Introduction 
Amyloid plaque deposition is one of the significant pathological 

hallmark in brains of Alzheimer’s disease (AD) patients, and arise due 

to the abnormal aggregation of excess amyloid β (Aβ) peptides 

mainly including Aβ40 and Aβ42. [1-3] Aβ42 is more prone to aggregate 

than Aβ40 and its oligomeric species are found to be more toxic to 

neurons other than fibrils or mature plaques. [2, 4, 5] Aβ over- 

expression and misfolding are regarded to be one of the important 

factors for synaptic dysfunction and neurodegeneration. [6] Yet, 

currently there is no successful therapy for AD treatment, and hence 

there is an urgent need to evaluate potential therapeutic candidates 

to alleviate Aβ accumulation as well as to develop potential 

treatment strategies. [7-9] 

Phthalocyanines (Pcs) and porphyrins (Porp) belongs to a class of 

cyclic tetrapyrrole compounds and they are characterized by a planar 

aromatic ring system which can display a strong and selective binding 

with aromatic amino acid residues via π-π interactions. These 

interactions are found to exhibit inhibition on diseases associated 

with protein aggregation and the induced toxicity. Examples of such, 

a. State Key Laboratory of Chemical Biology and Drug Discovery, Department of 
Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong SAR, PR China. 

b. Department of Chemistry, Hong Kong Baptist University, Kowloon, Hong Kong
SAR, P.R China 

E-mail: ga-lai.law@polyu.edu.hk 
Electronic Supplementary Information (ESI) available: See DOI: 10.1039/x0xx00000x

includes;- prion protein (PrP), [10-12] alpha-synuclein (αS), [13, 14] tau [15, 
16] and Aβ self-assembly. [17-19] As a class of widely investigated

photosensitizers in photodynamic therapy, Pcs and porphyrins can

contribute to low dark toxicity and afford easy modifications by

synthetic methods. [20-23] Particularly, water soluble Pc tetrasulfonate 

(PcTS) analogues have been shown to reduce toxic Aβ oligomers by 

aromatic and hydrophobic interactions, [19, 24] and its performance of 

interrupting fibrillization was improved by coordinating with Zn (II) 

ion. [17] 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-porphyrin (TMPyP4) 

is a planar and water soluble cationic porphyrin which was shown to 

be able to inhibit the formation of both Aβ oligomers and fibrils, with 

IC50 at 0.6 and 0.43 μM respectively, meanwhile alleviating the

cytotoxicity induced by Aβ species. [25]

Many strategies have been investigated in the field of blocking Aβ

aggregation by designing Pc and porphyrin analogues of higher

affinities to Aβ peptides. The hydrophobic KLVFF region of Aβ42 is 

regarded to be responsible for Aβ aggregation, [26] and it was found

to prevent aggregation by binding to the full length of Aβ. [27] By

linking KLVFF segment to porphyrin analogues higher affinities of 

porphyrins to bind Aβ species were acquired [28, 29] while degradation 

of Aβ aggregates and alleviation of cell toxicity were achieved after 

light irradiation. [28] In work by Shatera et al. water soluble 
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Scheme 1. Synthesis of water soluble ZnPc/porphyrin analogues and the conjugates with curcumin and bexarotene, i.e. sym-ZnPc, ZnPcCur ZnPcBex, sym- 

ZnPorp, ZnPorpCur and ZnPorpBex respectively. 

 

ZnPc(COONa)8 decorated with carboxylic groups was able to both 

inhibit Aβ fibril formation and destabilize pre-formed fibrils. [18] 

Further studies by Qichen et al. also showed that by introducing 

thymine groups to a ZnPc , they developed a compound that had 

strong affinity to iron (III) and aluminum (III). This is important as 

abnormally high levels of metal ions are found in brains of AD 

patients Their work showed that after photoexcitation, protofibrils 

degradation and neuron protection effects were observed. [30] 

As many small molecules are found to be potent in developing AD 

therapeutic, in our work we focused on using small bioactive 

molecules as targeting vectors for the design of our probes. In the 

work we design a probe with a bioactive natural product, curcumin 

which is shown in literature to bind specially to Aβ plaques and to be 

capable of chelating metals such as copper and iron. [31, 32] Curcumin 

interacts with side chains of bolded residues of HQKLVFF sequence 

length via non-covalent contacts like hydrophobic and hydrogen 

bonding interactions. [33] The methoxy and/or hydroxy groups of 

curcumin play a significant role in its interaction with the Aβ42 fibrils 

as well. [34] These actions can disrupt the formation of β-sheet 

structure that is responsible for Aβ aggregation. Unfortunately, 

although it shows many beneficial properties, it is limited by its poor 

bioavailability. Bexarotene as a retinoid X receptor (RXR) agonist has 

been proved with potential of soluble Aβ clearance as well as Aβ 

plaque clearance in a short time in vivo. [35] Although it could hardly 

reduce plaque burden upon interaction with Aβ plaque, bexarotene 

was shown to delay fibrils growth. [36] 

In this study, attempts have been done to improve the performance 

of both porphyrins and Pcs in regulating the aggregation process of 

Aβ42 peptide by adopting a conjugating strategy with small inhibiting 

molecules. Hydrophilic-modified Pc and porphyrin were conjugated 

to small molecules that had Aβ inhibition properties such as 

curcumin and bexarotene respectively. The given Pc conjugates were 

compared in terms of inhibiting Aβ42 fibrillization by using thioflavin 

t (ThT) assay, circular dichroism (CD), western blot and transmission 

electron microscopy (TEM). We also compared these compounds to 

a symmetrical ZnPc (sym-ZnPc) which has no conjugation to serve as 

a control. In this work, our ZnPc conjugates showed improved 

inhibition on Aβ42 fibrillisation, which is attributed to the 

transformation of Aβ42 species from the soluble state to the insoluble 

form. In our work, we also compared this to the ZnPorp analogues 

conjugated to the curcumin or bexarotene molecule. Comparative 

studies were performed by CD spectroscopy, western blot and TEM 

analysis, which showed that these compounds were less effective in 

the anti-fibrillization of Aβ42. 
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Results and discussion 
Design and synthesis of the Zn Pc and Porphyrin compounds 

Interaction of inhibitors with disease related peptides is a common 

strategy for creating an inhibitory process, and apart from the 

aromatic and hydrophobic interactions, electrostatic interactions 

between the charged groups of inhibitors and peptide residues can 

contribute to the stability of the formed complexes. [13, 19] On the 

other hand, it is known that metal coordination to the core of the 

tetrapyrroles can strongly regulate molecular interactions due to 
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residual charge or coordination geometry preferences. [19] In our 

work, cationic Pc and porphyrin analogues were designed by 

introducing quaternized pyridyls to the ring while the tetrapyrrole 
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core was coordinated with Zn (II) for better interaction affinities as 

shown in Scheme 1. The synthesis of ZnPc analogues started with 

phthalonitriles 1 and 2 catalyzed by 1,8-diazabicyclo(5.4.0)undec-7- 

ene (DBU) in n-pentanol as shown in Scheme 1. The harvested ZnPc 

mixture was reacted with iodomethane and then extracted with 

water before separation using reverse phase high performance liquid 

chromatography (HPLC). Two main products were collected as sym- 

ZnPc and asy-ZnPc, and click reaction was adopted for bridging asy- 
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ZnPc to small molecules, i.e. curcumin-N3 and bexarotene-N3 

respectively, the synthetic procedures are given in Scheme S1 

(supporting information), to give the final compounds ZnPcCur and 

ZnPcBex. 

4-Hydroxybenzaldehyde, 4-pyridinecarboxaldehyde and pyrrole 

were selected as building blocks for the porphyrin analogues, while 

ethyl 4-bromobutyrate was reacted with 4-hydroxybenzaldehyde 

(compound 3) to give compound 4 in advance according to reported 

procedures [37] as given in Scheme 1. Afterwards, porphyrin 7 and 8 

were acquired by refluxing compound 4, 4-pyridinecarboxaldehyde 

and pyrrole in a molar ratio of 1:3:4 in propionic acid. The Boc-amino- 

curcumin and Boc-amino-bexarotene were synthesized (Scheme S1), 

and afterwards following a sequence of deprotection, conjugation, 

hydrophilic modification and metal chelation, metallic porphyrin- 

curcumin/bexarotene conjugates were given as the final compounds 

(i.e. ZnPorp-Cur and ZnPorp-Bex). Metal chelation was set as the final 

step because transition metals can be easily complexed to the core 

of tetrapyrrole compounds at mild condition. [38-40] The final products 

of porphyrin and Pc analogues were acquired after HPLC separation 

and then freeze-dried, and before usage the content of each 

compound was determined according to levels of metal determined 
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Figure 1. CD spectra of incubated Aβ42 species with ZnPc analogues 
(upper) or ZnPorp analogues (bottom). 

 
by using inductively coupled plasma-optical emission spectrometry 

(ICP-OES). All the compounds where possible are characterized by 

methods such as electrospray ionization mass spectrometry (ESI-MS), 
1H and 13C nuclear magnetic resonance (NMR). 

 
Aβ fibrillisation studies 

In order to examine the interaction of our probes with the Aβ fibrils, 

we used many different characterisation techniques. Aβ peptide 

usually has a native unfolded state which can be slowly transformed 

into a partially folded state, called β-sheets. In the process of 

fibrillization, the cooperative folding and assembly of macrocyclic β- 

sheet peptide can be examined by CD, where a characteristic pattern 

of β-sheet conformation with absorption minima at around 218 nm 

are usually observed. [41, 42] In this case, the anti-aggregation effects 

of our probes, for both ZnPc and porphyrin analogues; were 

examined by CD spectra directly after incubation. The results are 

given in Figure 1. From the CD spectra, it is observed that Aβ42 

monomers after incubation in the absence of inhibitors will exhibit 
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an intensive negative band at around 220 nm, which indicates the 

formation of β-sheet structures after fibrillization. However, in the 

presence of various ZnPc analogues the negative bands are shown to 

decrease to different extents, which shows that ZnPc compounds can 

modulate the formation of Aβ secondary structures. The inhibitory 

effects of ZnPorp analogues are found to be less effective compared 

to the ZnPc counterparts as indicated by the intensities of CD bands 

(dash lines) of the Aβ species after incubation. This is reflected quite 

clearly by comparing the control compounds of the sym-ZnPc and 

sym-ZnPorp, which indicates that a Pc macrocycle has higher 

potential of affecting the peptide structure transformation. The 

linkage of a small molecules such as the curcumin or bexarotene onto 

the ZnPc/porphyrin ring also induced more inhibition onto the Aβ 

fibrillization when compared to the sym-ZnPc/sym-ZnPorp, as the 

conjugates combined the anti-aggregation behaviour of both 

macrocycles and small molecules. 

 
ThT assay studies 

ThT assay is a commonly used method for the identification and 

qualification of amyloid fibrils in vitro when examining misfolding 
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and self-aggregation of proteins in neurodegenerative diseases such 

as AD. [43, 44] The inhibition potentials of ZnPc analogues on Aβ42 

fibrillization were compared according to the fluorescence intensity 

variations of an exogenous ThT assay. Therefore, according to the 

results in Figure S1A (supporting information), ThT alone has 

negligible fluorescence but ThT co-incubated with preformed Aβ42 

fibrils has the highest emission peaked at around 485 nm due to the 

binding induced fluorescence enhancement. However, in the 

presence of 10 μM of ZnPcCur or ZnPcBex, the ThT fluorescence 

emissions were found weak compared to that of the sym-ZnPc at the 

same concentration (10 μM) which almost accounted for half of the 

ThT fluorescence intensity of the Aβ42 only (control group). These 

results indicate that the inhibition of sym-ZnPc on fibrillization was 

not as effective as ZnPc conjugates. 

However, inconsistent results were found for Aβ species after 

incubation with ZnPorp analogues between their ThT emissions and 

CD spectra. In Figure S1B, minimum ThT fluorescence indicated total 

inhibition by ZnPorp analogues on Aβ fibrillization, which is in conflict 

with their CD results in Figure 1 where presence of Aβ fibrils of high 

levels after incubation was suggested. This phenomenon may be due 

to the quenching effect on ThT fluorescence by exogenous porphyrin 

compounds due to their strong absorptive properties at the 

Figure 2. Incubation results of Aβ42 peptide in presence of ZnPc/porphyrin 
compounds. (Upper) Western blot analysis of incubated Aβ42 peptide 
after 48 hours in presence of various compounds, i.e. A) Aβ42 only, B) sym- 
ZnPc, C) ZnPcCur, D) ZnPcBex, E) sym-ZnPorp, F) ZnPorpCur, G) 
ZnPorpBex. (Bottom) ThT emission of groups after incubation with ZnPc 
analogues for 24 and 48 hours respectively. 

 
excitation wavelength of ThT (at around 440 nm). [43] Besides, 

porphyrin analogues was found to compete with ThT for the binding 

sites of Aβ species, [45] which might sacrifice the fluorescence 

response of ThT. Therefore, the fluorescence emission of ThT is not 

applicable to reflect the fibrillization extents of Aβ species when 

incubated with ZnPorp analogues. 

To further investigate the microenvironments of Aβ species after 

incubation, 8-anilino-1-naphthalenesulfonate (ANS) was adopted as 

an indicator for the degree of hydrophobicity of the incubated Aβ 

species, as it can bind to hydrophobic patches of the surfaces of 

solvent-exposed protein aggregates, thus resulting in enhancements 

in fluorescence emission intensity. [2, 18] The results in Figure S1C 

show that the fluorescence of ANS incubated with preformed Aβ 

aggregates increased compared to that of ANS only, while groups of 

Aβ species in presence of various ZnPc compounds had lower ANS 

fluorescence intensities following a sequence of sym-ZnPc, ZnPcCur 

and ZnPcBex. It is supposed that the hydrophobicity of the incubated 
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Aβ peptides can be controlled due to hydrophobic interactions 

between ZnPc analogues and Aβ species, where the ANS molecules 

had less sites to occupy, resulting in their low fluorescence emissions. 

 
Western blotting analysis 

Gel electrophoresis/Western blot has been widely used for 

visualizing the size distribution of Aβ species after incubation. [46-48] 

With western blotting we were able to show that the ZnPc/porphyrin 

analogues were found to accelerate the transformation of soluble Aβ 

species into insoluble forms to different extents as shown by gel 

analysis in Figure S2. At 10uM, the quenching of fluorescence of ZnPc 

analogues was observed in the incubation study with Aβ42 monomers 

in Figure S3, this quenching is also known and typical for ZnPorp 

compounds. [29] This phenomenon arises due to the exogenous 

compounds inducing aggregation of peptide, however is not 

consistent with earlier studies which reported that Pc analogues can 

transform oligomeric Aβ species into large insoluble forms. [24] To 

understand this process better, we further compared the ZnPc and 

ZnPorp analogues in this dynamic process at much lower 

concentrations to avoid the aggregation effect. The compounds 

concentration was lowered to 1 μM and the compositions were 

further analysed after 24 and 48 hours of incubation respectively by 

staining with polyclonal Aβ antibodies. After 24 hours of incubation 

for the ZnPc analogues, there were similar levels of monomers for 

ZnPc compounds, but differences were witnessed in their amounts 

of large oligomers and fibrils as shown in Figure S2, i.e. ZnPcBex had 

more abundant large size oligomers and fibrils among the ZnPc 

analogues (lane D); the incubated Aβ42 (lane A) contained fewer 

soluble oligomers higher than 75 kiloDalton (kDa). In contrast, 

ZnPorp analogues were found to promote the formation of Aβ 

aggregates, with fewer monomers and more protofibrils found in 

Figure S2 (lane E, F and G). 

Obvious clearance of soluble Aβ species was recorded after another 

24 hours of incubation for each lane in Figure 2. Relative high amount 

of monomer residues was observed from the lane of Aβ42 and the 

lane of ZnPcBex, but Aβ42 without adding any other compound had 

the fewest soluble oligomers among the five lanes. Compared to the 

other lanes, the lane of ZnPcBex had the highest level of soluble 

oligomers of larger size above 37 kDa, which indicates ZnPcBex could 

stabilize these soluble species and delay their growth to larger and 

insoluble pieces. In contrast, the lanes of sym-ZnPc and ZnPcCur were 

similar, which had the lowest proportions of monomer since most of 

the species were expected to be transferred into insoluble forms. 

However, fewer oligomers can be found in the lanes of samples 

incubated with ZnPorp analogues (lanes E-G, Figure 2), and this 

phenomenon also indicated that ZnPorp compounds were more 

capable of transforming Aβ monomers into insoluble species, 

compared to ZnPc analogues. 

 
ThT fluorescence emissions were then recorded for evaluating the 

extents of fibrillization after 24 and 48 hours of incubation with ZnPc 

analogues as shown in Figure 2. The emission intensity of Aβ42 alone 

was the highest for each incubation slot and it was found to increase 

by more than 4 folds from 24 to 48 hours of incubation. Obvious 

enhancement of fluorescence intensity was recorded as well in 

presence of sym-ZnPc, which indicated its less effective anti- 

aggregation potential, while ZnPcCur and ZnPcBex showed better 

inhibition results, as indicated by the minimum increases of ThT 

fluorescence over incubation. Both western blot analysis and ThT 

assay suggest that ZnPc conjugates effectively avoided the formation 

of β-sheet structure, although most of peptides were transferred 

into insoluble species. 

 
TEM analysis 

As large and insoluble Aβ42 species can hardly be analyzed using 

western blotting, transmission electron microscopy (TEM) was 

adopted to view the morphological states of Aβ42 species after 

incubation in order to provide a more complete picture of the extent 

and pathways of aggregation. [47, 49] Firstly, in the absence of any 

compounds, Aβ42 grew into classic fibrils as shown in Figure 3G. In 

the presence of sym-ZnPc, long fibrillar species were no longer 

observed, instead, clusters formed by shorter fibrillar structures 

were seen in Figure 3A. In the presence of ZnPc conjugates, classic 

fibrillar structures were also not found (Figure 3C and 3E). The Aβ 

species observed were disordered and random in both size and 

shape, which confirms the inhibition of the Aβ aggregation into fibrils 

and caused transformation into large and insoluble species due to 

the presence of the ZnPcCur and ZnPcBex compounds. In contrast, 

this effect was less prominent with the ZnPorp analogues which was 

also confirmed by TEM images in Figure 3B, D and F, where Aβ fibrils 

could still be observed, which is consistent with the CD results. 

Overall, the sizes of fibrils grown in the presence of ZnPorp 

compounds were larger but shorter than for the control compound 
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Table 1. Half inhibition levels (IC50) of ZnPc analogues on Aβ42 

fibrillization. 
Compounds IC50/24 h (μM) IC50/48 h (μM) 

sym-ZnPc 1.92 3.03 

ZnPcCur 0.18 0.12 

ZnPcBex 0.27 0.23 

 
This result indicates that ZnPc conjugates could totally inhibit Aβ42 

fibrillization and inactivate the self-assembly of Aβ42. 

In our study, after conjugating to small molecules, including 

curcumin or bexarotene, ZnPc conjugates containing 6 positively 

charged pyridyl groups showed more than 10 folds of improvements 

of inhibition potentials in contrast to the sym-ZnPc. Curcumin has 

direct anti-aggregation effects on Aβ species because of its binding 

to the hydrophobic microenvironment including multiple 

hydrophobic residues such as phenylalanine to the core fragment 

(KLVFF) of Aβ 40/42 peptide. [50] According to Porat et al.’s study, the 
 
 
 
 
 
 

(Figure 3G), suggesting that ZnPorp compounds may work as seeds 

to accelerate the fibrillization. 

The anti-fibrillization potentials of the investigated compounds can 

be quantified with the aid of indicators, such as thioflavin S (ThS) [15, 
16] and ThT. [28] The fluorescent intensities of indicators were used to 

determine the aggregation extents as a function of the concentration 

of the ZnPc inhibitors. 

IC50 of curcumin was found as low as 0.63 μM, [51] which is similar to 

that of TMPyP4 where an IC50 of 0.60 μM was determined. [25] In 

theory, the conjugated small molecules provide extra binding sites 

for Aβ species; small molecules have intrinsic hydrophobicity, which 

transfers the ZnPc conjugates to be amphiphilic molecules. This may 

be responsible for the effective and irreversible inhibitory effects of 

ZnPc conjugates as shown from the results of ThT assay. 

MTT studies 

The cytotoxicity of ZnPc/porphyrin analogues was compared in HeLa 

cells and the results are provided in Figure 4. 

sym-ZnPc 
The simulated dose dependent curves of 24 hours of incubation 

results are listed in Figure S4. The half maximal inhibitory 

concentrations (IC50) were estimated and listed in Table 1. The IC50 

for sym-ZnPc was the highest, at 1.92 μM, which is around 10 folds 

of that of ZnPcCur (0.18 μM), while the half inhibition concentration 

of ZnPcBex were found at 0.27 μM. 

Further incubation was continued for another 24 hours to examine 

the long-term inhibition effects, and the nonlinear fitting curves are 

given in Figure S5. Obvious increase of half inhibition concentration 

was observed for the sym-ZnPc from 1.92 to 3.03 μM, this is around 

50 %, compared to the first 24 hours of the IC50, indicating sym-ZnPc 

could not totally inhibit the fibrillization progress. Only minor 

changes of half inhibition levels were witnessed for the other ZnPc 

conjugates (Table 1), and the IC50 after 48 hours of incubation were 

found at 0.12 and 0.23 μM for ZnPcCur and ZnPcBex, respectively. 
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Figure 4. The cytotoxicity of ZnPc/porphyrin analogues on HeLa cell 
investigated by MTT assay. 
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Up to 100 μM, there was no obvious toxicity found for sym-ZnPc and 

ZnPorpCur, while relatively low viability of cells was observed when 

treated with ZnPcCur, ZnPcBex and ZnPorpBex, with IC50 simulated 

at 55, 39 and 53 μM respectively. From the dose dependent cell 

survival curves in Figure 4, when applied at low concentrations such 

as 10 μM, the viabilities were relatively high, which indicates the high 

feasibility of these compounds for application in biological systems. 

Conclusion 
Compounds that can inhibit of Aβ fibrillization is important as it can 

help delay the pathway in AD and perhaps serve as a potential 

therapeutic or drug candidate. However most affective biological 

small molecules have bioavailability issues or suffers from poor water 

solubility, which limits their value in bioapplications. In our work, we 

have introduced hydrophilic modifications to improve the water 

solubility and to reduce the tendency of self-aggregation. By 

conjugating ZnPc/porphyrin to small molecules, including curcumin 

and bexarotene, ideal candidates for blocking fibrillization were 

acquired with high sensitivity. Their anti-aggregation performances 

were examined by using ThT assay, CD spectra, western blotting and 

TEM. Our results showed that with the aid of selective small 

molecules, the anti-fibrillization performances of ZnPc analogues can 

be highly improved. For both ZnPc and ZnPorp analogues, these 

could assist to transform amyloid species into insoluble species, 

however the ZnPorp compounds were not able to fully inhibit the 

fibrillization progress, which indicates that the Pc macrocycle is more 

effective than the porphyrin ring. Furthermore, the small molecules 

conjugated with the ZnPc allows these analogues to be more 

sensitive and effective as inhibitors on fibrillization. Overall, in our 

comparative studies of the two classes of tetrapyrroles which are 

known to show anti-aggregation effects to Aβ species, ZnPc 

conjugates was found in this study to show better performance than 

porphyrins in controlling Aβ fibrillization. We postulate that this may 

be due to the better hydrophilic-hydrophobic balance in our 

designed structure. The conjugation strategy with the selective small 

biological compounds also shows an ideal approach for developing 

candidates for further application in AD therapeutics and developing 

probes for diagnostics. 

 
 

Experimental 
 

Materials and methods 

Aβ42 peptide (> 95%) was purchased from abcam (Hong Kong, China). 

All the chemicals and solvents were purchased as ACS grade and used 

directly without further purification. 1,1,1,3,3,3-Hexafluoro-2- 

propanol (HFIP, > 99%), thioflavin T (ThT, Calbiochem) and 8-anilino- 

1-naphthalene-sulfonic acid (ANS, > 97%) were provided by Sigma- 

Aldrich. The electrophoresis was run on 4-15% Mini-PROTEAN TGX 

gel using a Bio-Rad Mini-PROTEAN tetra vertical electrophoresis cell. 

Polyclonal Aβ antibody was acquired from Cell Signaling (Hong Kong, 

China) for western blot analysis. The purification of the Pc/porphyrin 

analogues was conducted on a Waters semi-preparative HPLC system 

equipped with 2535 Quaternary gradient solvent pump, 2707 

Autosampler, 2998 Photodiode array detector and a Waters C18 

Column (250 × 19 mm). Liquid chromatography-mass spectrometry 

was performed using a Waters ACQUITY H-Class UPLC with QDa mass 

detector. 1H and 13C NMR spectra were recorded on a Bruker 

Ultrashield 400 Plus NMR spectrometer (at 400 MHz and 100 MHz, 

respectively). 

Sym-ZnPc and asy-ZnPc 

Phthalonitrile 2 (100 mg, 0.55 mmol), phthalonitrile 1 (690 mg, 2.20 

mmol) and Zn(OAc)2 (302 mg, 1.65 mmol) were mixed together with 

10 mL n-pentanol. The system was firstly heated to 100 °C and stirred 

for 30 min, and afterwards 250 mg (1.65 mmol) DBU was added and 

the solution was heated to 140 °C overnight. After that, reaction 

mixture was added dropwise into n-hexane while constant stirring, 

and the solid was filtered and then washed with DCM and diethyl 

ether. After drying, crude products were mixed with 2 mL MeI and 

stirred for 24 h at 40 °C. The given products were purified by reverse 

phase HPLC to give asy-ZnPc. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 

3.78 (1H, t, J = 2.4 Hz), 4.42 (12H, s), 4.45 (6H, s), 5.35 (2H, d, J = 2.4 

Hz), 7.90 (1H, dd, J = 2.28 Hz, J = 8.34 Hz), 8.25 (6H, m), 8.65 (6H, m), 

8.96 (6H, m), 9.27 (1H, d, J = 8.36 Hz), 9.33 (6H, m), 9.40 (3H, m), 9.45 

(1H, s), 9.49 (1H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 48.77, 

48.80, 57.05, 79.40, 79.60, 108.21, 116.75, 117.11, 119.28, 124.61, 

129.45, 132.42, 133.37, 133.47, 133.88, 136.39, 136.47, 136.59, 

136.77, 136.82, 136.85, 136.96, 137.02, 137.07, 140.96, 141.76, 

141.91, 146.88, 146.94, 147.07, 147.43, 151.58, 151.89, 152.41, 

153.08, 153.67, 155.25, 155.86, 156.23, 156.43, 156.47, 156.51, 

160.42. ESI-MS (m/z): [M+4CF3COO]2+ calcd. for C79H54F12N14O15Zn2+ 

865.15; found 866.00. 

Sym-ZnPc was collected from the HPLC trials as well. 1H NMR (400 

MHz, DMSO-d6) δ (ppm): 4.48 (24 H, s), 8.28 (10H, m), 8.71 (10H, d, J 

= 8.04 Hz), 9.01 (10H, d, J = 6.04 Hz), 9.40 (16H, s). 13C NMR (100 MHz, 
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DMSO-d6) δ (ppm): 48.74, 116.91, 129.44, 133.49, 136.57, 137.10, 

141.81, 147.18, 153.04, 156.45, 158.16, 158.51, 158.85, 159.20. ESI- 

MS (m/z): [M+5CF3COO]3+ calcd. for C90H64F15N16O18Zn3+ 668.45; 

found 668.80. 

ZnPc conjugates with curcumin or bexarotene 

ZnPcCur. Asy-ZnPc (58 mg, 0.03 mmol) was mixed with curcumin-N3 

(14 mg, 0.03 mmol), sodium ascorbate (6 mg, 0.03 mmol) and copper 

sulfate (5 mg, 0.02 mmol) in 3 mL DMF, and then stirred overnight at 

room temperature, after which the reaction mixture was separated 

by HPLC to give ZnPcCur. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 3.76 

(3H, s), 3.80 (3H, s), 4.43 (18H, m), 4.83 (2H, t, J = 6.44 Hz), 5.73 (2H, 

s), 5.87 (1H, s), 6.65 (1H, d, J = 15.84 Hz), 6.71 (1H, d, J = 15.88 Hz), 

6.82 (1H, d, J = 8.16 Hz), 7.02 (1H, d, J = 8.12 Hz), 7.11 (1H, s), 7.13 

(1H, d, J = 1.8Hz), 7.25 (1H, d, J = 1.8 Hz), 7.34 (1H, s), 7.36 (1H, d, J = 

15.76 Hz), 7.50 (1H, d, J = 15.76 Hz), 7.95 (1H, dd, J = 2.28 Hz, J = 8.36 

Hz), 8.24 (6H, m), 8.52 (1H, s), 8.64 (6H, m), 8.95 (6H, m), 9.05 (1H, d, 

J = 2.16 Hz), 9.31 (7H, m), 9.38 (4H, m), 9.45 (1H, s), 9.49 (1H, s), 9.77 

(1H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 19.98, 30.89, 32.66, 

32.94, 55.89, 101.47, 101.76, 109.77, 111.44, 114.91, 120.97, 121.08, 

121.78, 123.03, 123.20, 124.30, 127.57, 134.00, 134.13, 139.39, 

139.96, 141.16, 146.87, 148.06, 151.34, 170.79, 181.83, 183.11, 

184.52,  207.11.  ESI-MS  (m/z):  [M+2CF3COO]4+  calcd.  for 

C99H77F6N17O18Zn4+ 492.37; found 492.53. 

The synthesis of ZnPcBex adopted similar procedures and their 

structure characterization is listed as following, 

ZnPcBex. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 1.21 (6H, s), 1.24 

(6H, s), 1.64 (4H, s), 1.90 (3H, s), 2.17 (2H, t, J = 6.88 Hz), 4.42 (18H, 

m), 4.53 (2H, t, J = 6.96 Hz), 5.23 (1H, s), 5.69 (2H, s), 6.31 (1H, s), 5.87 

(1H, s), 7.05 (1H, s), 7.14 (1H, s), 7.30 (2H, d, J = 8.16 Hz), 7.80 (2H, d, 

J = 8.36 Hz), 7.94 (1H, dd, J = 8.3 Hz, J = 2.4 Hz), 8.51 (1H, s), 8.63 (7H, 

m), 8.95 (6H, m), 9.06 (1H, d, 2.24 Hz), 9.32 (7H, m), 9.41 (3H, s), 9.46 

(1H, s), 9.52 (1H, s). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 19.95, 

30.43, 32.07, 32.11, 33.95, 34.09, 35.10, 37.08, 48.07, 48.77, 62.78, 

116.70, 117.03, 125.48, 126.45, 127.73, 127.96, 128.30, 129.46, 

132.54, 133.37, 133.95, 136.49, 138.39, 141.77, 142.28, 142.92, 

143.31, 144.18, 146.85, 148.65, 156.23, 156.40, 156.48, 156.51, 

166.62. ESI-MS (m/z): [M+4CF3COO]2+calcd. for C106H88F12N18O16Zn2+ 

1080.28; found 1080.47. 

Compound 4 [37] 

4-Hydroxybenzaldehyde (1 g, 8.2 mmol) and ethyl 4-bromobutyrate 

(1.6 g, 8.2 mmol) were dissolved in 10 mL DMF in presence of K2CO3 

(2.3 g, 16.4 mmol) and the system was heated to 70 °C for 6 hours. 

After that, the solution was diluted with ethyl acetate and washed 

with water (50 mL × 3), and the organic phase was concentrated and 

loaded onto a silica column with EA/n-hexane (1/5) as elute to give 

product 4 (1.5 g, 79%). . 1H NMR (400 MHz, CDCl3) δ (ppm): 1.28 (3H, 

t, J = 7.16 Hz), 2.17 (2H, m, J = 6.64 Hz), 2.55 (2H, t, J = 7.16 Hz), 4.13 

(4H, m), 7.01 (2H, d, J = 8.76 Hz), 7.85 (2H, d, J = 8.76 Hz), 9.90 (1H, 

s). 13C NMR (100 MHz, CDCl3) δ (ppm): 14.21, 24.41, 30.59, 60.52, 

67.13, 114.74, 129.97, 131.96, 163.87, 172.94, 190.73. 

Porphyrin 7 [37] 

Then  a  mixture  of  compound  4  (1.25  g,  5.3  mmol),  4- 

pyridinecarboxaldehyde (1.7 g, 15.9 mmol) and propionic acid (100 

mL) was heated at 110 °C with stirring. To this solution pyrrole (1.4 g, 

21.2 mmol) was added dropwise and the resulting mixture was 

refluxed for 2 h. After reaction propionic acid was removed under 

vacuum and the residue was purified using a silica column with 

EtOH/DCM = 1/50 as elute, finally giving 278 mg porphyrin 7 (7% 

yield). 1H NMR (400 MHz, CDCl3) δ (ppm): 1.37 (3H, t, J = 7.12 Hz), 

2.35 (2H, m, J = 6.68 Hz), 2.73 (2H, t, J = 7.24 Hz), 4.27 (2H, q, J = 7.08 

Hz), 4.35 (2H, t, J = 6.04 Hz), 7.32 (2H, d, J = 10.28 Hz), 8.13 (2H, d, J 

= 8.44 Hz), 8.19 (6H, d, J = 4.56 Hz), 8.84 (2H, d, J = 4.80 Hz), 8.88 (4H, 

s), 8.98 (2H, d, J = 4.84 Hz), 9.08 (6H, d, J = 5.92 Hz). 13C NMR (100 

MHz, CDCl3) δ (ppm): 14.34, 24.87, 30.98, 60.59, 67.14, 112.96, 

116.90, 117.40, 121.73, 129.37, 133.88, 135.68, 148.39, 148.43, 

149.99, 150.06, 159.04, 173.31. Symmetrical porphyrin 8 was 

purified from the mixture as one side product. 1H NMR (400 MHz, 

CDCl3) δ (ppm): 8.19 (8H, d, J = 4.84 Hz), 8.90 (8H, s), 9.09 (8H, d, J = 

5.12 Hz). 

Sym-ZnPorp [52] 

Porphyrin 8 (100 mg, 0.16 mmol) was dissolved in 10 mL dry DMF and 

then mixed with 1 mL iodomethane in a sealed bottle, afterwards the 

mixture was heated to 40 °C overnight. The separation was 

conducted on a reverse phase HPLC system and the separated 

product was given as sym-Porp. 1H NMR (400 MHz, DMSO-d6) δ 4.74 

(12H, s), 8.99 (8H, d, J = 6.56 Hz), 9.18 (8H, s), 9.49 (8H, d, J = 6.24 Hz). 

ESI-MS (m/z): [M-H]3+ calcd. for C44H37N8 225.67; found 225.85. The 

coordination of Zn (II) was conducted by stirring sym-Porp with 2 

equivalent Zn(OAc)2 in EtOH overnight, and the given product was 

separated using reverse phase HPLC and freeze dried as sym-ZnPorp. 

ESI-MS (m/z): [M-H]3+ calcd. for C44H35N8Zn 246.75; found 246.49. 

ZnPorpCur and ZnPorpBex 

100 mg porphyrin 7 was dissolved in a mixture of 15 mL dioxane and 

4 mL MeOH, and afterwards 2 mL NaOH solution (2 N) was added. 
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The mixture was further stirred for 1 hour and then 5 mL hydrochloric 

acid (1 N) was added, and the product was precipitated out by adding 

saturated NaHCO3 solution. The collected solid was dried under 

vacuum and used directly for next step. 

The deprotected porphyrin (50 mg, 0.07 mmol) was mixed with EDC 

(40 mg, 0.21 mmol) and HoBt (28 mg, 0.21 mmol) in 5 mL DMF, and 

then amino-curcumin or amino-bexarotene(0.07 mmol) was added 

to the mixture together with DIEA (37 μL, 0.21 mmol), which was 

followed by overnight stirring under nitrogen. The solvent was then 

evaporated and the product was separated using a silica column with 

EtOH/DCM = 1/50 as eluent. The collected solid was dissolved in 5 mL 

dry DMF in a 15 mL sealed bottle and then 1 mL iodomethane was 

added. Then mixture was heated to 40 °C overnight, and then by 

using a reverse phase HPLC system could the final product be 

acquired as metal free Porp-Cur or Porp-Bex. 

Porp-Cur. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 1.97 (2H, t, J = 6.32 

Hz), 2.19 (2H, s), 2.47 (2H, m), 3.33 (2H, d, J = 6.28 Hz), 3.80 (3H, s), 

3.86 (3H, s), 4.10 (2H, s), 4.31 (2H, s), 4.76 (9H, s), 5.87 (1H, s), 6.54 

(1H, d, J = 15.84 Hz), 6.68 (1H, d, J = 15.92 Hz), 6.78 (1H, d, J = 8.08 

Hz), 7.01 (2H, d, J = 7.24 Hz), 7.19 (2H, s), 7.42 (5H, m), 8.15 (3H, m), 

9.02 (14H, m), 9.52 (6H, m). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 

25.53, 29.22, 32.29, 36.13, 48.39, 56.08, 56.13, 66.72, 67.77, 101.13, 

111.02, 111.51, 112.68, 113.08, 113.69, 114.63, 115.57, 115.63, 

115.93, 118.57, 121.26, 121.52, 122.24, 123.26, 123.36, 123.52, 

126.56, 128.00, 132.63, 132.91, 136.14, 140.22, 140.92, 144.59, 

148.24, 149.52, 149.55, 150.59, 157.10, 157.21, 159.37, 172.44, 

182.17, 183.26. ESI-MS (m/z): [M-H]3+ calcd. for C72H66N8O83+ 390.17; 

found 390.34. 

Porp-Bex. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 0.97 (6H, s), 1.08 

(6H, s), 1.78 (3H, s), 2.13 (2H, m), 2.42 (2H, t, J = 7.28 Hz), 3.32 (2H, 

m), 3.40 (2H, m), 4.23 (2H, t, J = 6.48 Hz), 4.70 (9H, s), 5.07 (1H, s), 

5.78 (1H, s), 6.87 (1H, s), 6.98 (1H, s), 7.26 (2H, d, J = 8.08 Hz), 7.36 

(2H, d, J = 8.12 Hz), 7.80 (2H, d, J = 8.16 Hz), 8.07 (2H, d, J = 6.28 Hz), 

8.93 (6H, d, J = 6.00 Hz), 9.38 (6H, d, J = 6.04 Hz). 13C NMR (100 MHz, 

DMSO-d6) δ (ppm): 19.78, 25.42, 31.81, 31.85, 32.29, 33.66, 33.87, 

34.86, 48.43, 67.66, 113.69, 114.59, 115.52, 117.01, 118.46, 121.41, 

123.57, 126.48, 127.55, 127.90, 128.17, 132.44, 132.63, 132.80, 

133.74, 136.07, 138.19, 142.21, 143.39, 144.14, 144.51, 148.45, 

157.13, 158.68, 159.02, 159.30, 166.94, 173.11. ESI-MS (m/z): [M- 

H]3+ calcd. for C74H73N9O3 378.53; found 378.83. 

The chelation of zinc (II) ion was conducted in ethanol, where 1 

equivalent metal free Porp-Cur or Porp-Bex was mixed with 2 

equivalent Zn(OAc)2, and then the mixture was stirred at room 

temperature overnight. Afterwards, the mixture was separated using 

reverse phase HPLC to acquire the final product, i.e. ZnPorpCur or 

ZnPorpBex. The collected portions were freeze dried and the metal 

contents were determined using an ICP-OES before usage. 

Peptide preparation 

The purchased Aβ42 peptide was treated according to the previous 

reports. [53, 54] Firstly, the lyophilized Aβ42 peptide was dissolved in 

1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP, Sigma-Aldrich) to give a 

concentration of 2 mg/mL, which was followed by incubation of 2 

hours at 37 °C. After that, nitrogen flow was used to dry HFIP to give 

Aβ42 film on the surface of the bottle. This process was repeated for 

3 times to disaggregate Aβ42 and the finally resulted Aβ42 film was 

dried under vacuum overnight and then stored at -20 °C until further 

usage. The pretreated Aβ42 film was dissolved in 6 mM NaOH solution 

at a concentration of 0.5 mM as stocks for incubation study. 

ThT assay 

Thioflavin T (ThT) was purchased from Sigma-Aldrich and prepared as 

1 mM stock in water. The pretreated Aβ42 film in 6 mM NaOH solution 

was diluted to 10 μM using incubation buffer (20 mM sodium 

phosphate, 272 mM NaCl, pH 7.4) in presence of 20 μM ThT. For dose 

dependent inhibition study, the investigated compounds such as 

porphyrin analogues and phthalocyanine analogues were prepared 

as 1 mM stock solutions in water and then diluted into the incubation 

system at various concentrations, i.e. 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 

1, 3 and 10 μM. The incubated mixtures were seeded into a 96 well 

plate and incubated for 24 hours and 48 hours respectively before 

monitoring the fluorescence intensity of ThT using a multimode 

microplate reader (BMG LABTECH CLARIOstar, λex = 445 nm and λem = 

480 nm). The acquired data were analyzed using GraphPad Prism to 

obtain IC50 values using log (concentration) vs. normalized response- 

variable slope. The fluorescence emission spectra of ThT incubated 

with Aβ species were recorded using an Edinburgh Instruments 

FLSP920 spectrophotometer equipped with a Xe900 continuous 

xenon lamp (450 W), with excitation wavelength fixed at 440 nm and 

excitation wavelength collected from 450 to 600 nm. 

Circular dichroism 

0.5 mM stock of Aβ42 peptide in 6 mM NaOH solution was diluted 

into 20 mM phosphate buffer containing 272 mM NaCl, pH 7.4 to 

acquire a 10 μM solution. Porphyrin and Pc analogues were diluted 

from the stocks to desired concentrations and then co-incubated 

with Aβ42 peptide at 37 °C for 48 hours before examination. The CD 
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spectra were recorded at 1 nm intervals from 200 to 260 nm with 

scanning speed at 100 nm every minute on a Jasco J-1500 CD 

spectropolarimeter. 

Western blot analysis 

Western blot was used to analyze the aggregation states of incubated 

Aβ42 peptide in presence or absence of various compounds. Aβ42 

samples (5 μL, 10 μM) was mixed with 2 μL Laemmli sample buffer 

(Bio-Rad) and loaded onto 4-15% Mini-PROTEAN TGX gel (Bio-Rad) 

for SDS-PAGE using Tris/glycine running buffer. Afterwards, the 

protein bands were transferred to PVDF membrane using a standard 

method for 30 min at room temperature. The membrane was blocked 

with 5% nonfat milk in Tris-buffered saline (TBST, 25 mM Tris, 150 mM 

NaCl, pH 7.4, containing 0.05% Tween 20) for 1 hour at room 

temperature, which was followed by incubation with polyclonal Aβ 

antibody (Cell signaling, primary antibody, 1:2000 dilution) overnight 

at 4 °C. Following the washing with TBST (3 × 5 min), the membrane 

was probed with anti-rabbit IgG, HRP-linked Antibody (1:4000, Cell 

signaling) for 1 hour at room temperature. Then the blot was washed 

with TBST (3 × 5 min) and protein were viewed under a Bio-rad 

ChemiDoc MP imaging system. 

Transmission electron microscopy 

Aβ42 peptide was incubated in buffer (20 mM phosphate, 272 mM 

NaCl, pH 7.4) at a concentration of 10 μM with various compounds 

respectively for 48 hours. Then 5 μL of each sample was applied to 

carbon-coated copper TEM grids (300 mesh) for 30 min at room 

temperature. Afterwards, excess liquid was removed with filter paper 

and washed with 5 μL water for 10 s before staining with uranyl 

acetate (2%, w/v) for 20 s. Copper girds were viewed with a Field 

Emission Electron Microscope STEM (JEOL Model JEM-2100F) 

operated at 200 kV, equipped with a high resolution CCD camera. 

MTT assay 

Human cervical cancer HeLa cells were grown in Dulbecco’s Modified 

Eagle Medium (DMEM). About 5 × 103 cells per well in the culture 

medium were inoculated in 96-multiwell plates and incubated 

overnight at 37 °C in a humidified 5% CO2 atmosphere. 

ZnPc/porphyrin analogues were dissolved in phosphate buffered 

saline (PBS) to give 10 mM solutions, which were diluted to various 

concentrations with the culture mediums. For dark toxicity study, the 

cells were firstly rinsed with PBS, and then were incubated with 100 

μL of the diluted compounds solutions (5, 10, 20, 30, 50, 100 μM) for 

24 h at 37 °C under 5% CO2. Afterwards, the cells were then rinsed 

again with PBS and refed with 100 μL of the culture medium 

containing MTT (0.5 mg/mL) followed by incubation for 4 hours at 

the same environment. After that, solutions were removed from 

each hole and 100 μL DMSO was added to dissolve the formed crystal 

before measurement of the absorption at 490 nm. The recorded 

values reflected the viability of cells by comparing to the groups in 

absence of extra compounds. 
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