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Abstract: Supramolecular self-assembly in biological systems holds promise as a means to 

convert and amplify disease-specific signals to physical or mechanical signals that can direct 

cell fate. The approach requires programmable self-assembling systems that demonstrate 

tunable and predictable behavior under physiological conditions. Mixed-charge (zwitterionic) 
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particles are considered suitable for biological applications due to favorable stability. We 

report on the use of zwitterionic tetrapeptide modalities to direct nanoparticle assembly. These 

peptides do not form specific folded structures, but they interact through self-complementary 

patterns of side chain interactions. We demonstrate that the self-assembly can be activated by 

enzymatic unveiling of zwitterionic LRGD or LRGE modalities through action of matrix 

metalloprotease-9 (MMP-9), which is over-expressed by cancer cells. Enzymatic activation of 

gold nanoparticles (AuNPs) decorated with PEGylated peptides ([EG]8-GPKG↓LRGD-[EG]5) 

reveals LRGD sequences that drive multivalent electrostatic assembly of the nanoparticles, 

giving rise to robust NP assembly. In the vicinity of cancer cells that over-express MMP-9 

enzymes, these aggregates form in proximity of these cells and give rise to size-induced 

selection of cellular uptake mechanism, resulting in diminished cell growth. The enzyme-

responsiveness, and therefore indirectly the uptake route, of the system can be programmed 

by customizing the peptide sequence: a simple inversion of the two amino acids at the 

cleavage site completely inactivates the enzyme-responsiveness, self-assembly and 

consequently changes the endocytic pathway. This robust self-complementary, zwitterionic 

peptide design demonstrates the use of enzyme-activated electrostatic side chain patterns as 

powerful and customizable peptide modalities to program NP self-assembly and alter cellular 

response in biological context. 

 

1. Introduction 

Self-assembly processes in living systems are driven by non-covalent interactions such as 

hydrogen bonding and electrostatic forces whereby the pattern of interactions further imparts 

selectivity.[1,2] The cooperative use of these relatively weak and reversible interactions has 

prompted the design of diverse supramolecular architectures that can reorganize upon applied 

stimuli.[3,4] These concepts have been applied in the design of dynamic ligands to create 

hierarchical superstructures of nanoparticles (NPs) with increasingly sophisticated 
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architectures.[5–8] Particularly, DNA has been a very powerful surface ligand in controlling the 

aggregation of NPs owing to the specific hydrogen bonding interactions between 

complementary DNA strands.[9–12] Designed peptides potentially provide an even more 

versatile means of achieving selective assembly of NPs, controlling nanoparticle aggregation 

due to the vast chemical interaction space that they cover.[13–23] Early examples made use of 

electrostatically induced coiled-coil formation using two[19] or three[20] component 

heterogeneous leucine zipper designs. In addition, α-helical designs could be used to 

systematically template and control the synthesis and assembly of NPs into helical 

superstructures.[21,22] The disassembly of NPs driven by a change of the surface 

hydrophobicity has also been demonstrated using a simple ligand comprised of an assembly-

directing hydrophobic unit and a disassembly-driving, protease-cleavable short peptide.[17] 

In a recent study, Stupp and coworkers[3] demonstrated the use of charge-complementary 

peptide sequences as powerful motifs to assemble superstructures by making use of 

electrostatic side-chain patterns instead of backbone interactions, and these systems 

demonstrated similar assembly capability to that of DNA. The study used ionic, self-

complementary peptides composed of short repeat units of glutamic acid (E) and lysine (K) 

(separated by a short oligo(ethylene glycol) strand) dictated by complementarity side chain 

interactions rather than more traditional secondary structure motifs to realize dynamic 

assembly behavior similar to that achieved with DNA-functionalized structures. The 

multivalency of the electrostatic interactions in these structures was shown to be crucial in 

achieving self-assembly and the zwitterionic pattern design not relying on secondary 

structures holds much promise as a general self-assembly approach. Besides the self-assembly 

propensity, zwitterions, or mixed charges, have shown benefits in biological context. While 

negatively charged NPs are known to have low internalization in cells due to electrostatic 

repulsion with membrane proteins, positively charged NPs can penetrate cellular membranes 

via strong electrostatic interactions. However, cationic NPs can also attract plasma proteins, 
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leading to the formation of protein corona that potentially changes the biological identity of 

the NPs.[24,25] By contrast, pH-sensitive zwitterionic NPs have been demonstrated to 

effectively penetrate and kill cancer cells while providing the unreactive “stealth” surface. [26–

28] 

NPs and their assemblies have been actively used in biomedical applications such as 

biosensing, imaging and detection.[29–34] Recent studies have focused on the development of 

NP systems that can be activated in situ by exploring specific features of a diseased state 

environment and that give rise to mechanical or physical changes that cells respond to, for 

example through localized aggregation, size dependent uptake or clearance. One attractive 

stimulus in this context is disease-related enzymes that are often over-expressed and hence 

subject to be targets for specific substrates. For example, solid tumor tissues have specific 

physiological characteristics differing from healthy tissues, such as the over-expression of 

matrix metalloproteinases (MMPs) in the extracellular matrix[35,36] As a result, MMP-

triggered peptide cleavage systems have achieved success in both cancer cell destruction 

and/or the detection of specific disease states in cancer progression.[18,35,37] Moreover, studies 

have designed systems that incorporate both an MMP-cleavable peptide and a fibronectin-

derived cell adhesive moiety, RGD, within the peptide sequence that simultaneously target 

MMPs and overexpressed integrin receptors.[38,39]  

Here, we demonstrate a robust and simple platform for triggered nanoparticle assembly based 

on zwitterionic peptide modalities that undergo powerful assembly in aqueous media of 

cellular environments and demonstrate its ability to direct cell fate (Figure 1). We first 

demonstrate that gold nanoparticles (AuNPs) functionalized with PEGylated peptides 

GPKG↓LRGD (↓ indicates cleavage site) exhibit switch like response to MMP-9 (Figure 1A). 

The LRGD motif, originally designed as a cell adhesive ligand, was serendipitously 

discovered to act as a minimalistic version of the charge-complementary sequence developed 

by Stupp and coworkers,[3] which drives the assembly of the AuNPs via multivalent 
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electrostatic bindings after MMP-9-triggered peptide cleavage. By a simple inversion of the 

amino acids at the cleavage site, the MMP-9 responsiveness of the peptide-NP conjugates is 

completely shut down, causing drastic changes in cellular uptake mechanism and subsequent 

cell behavior (Figure 1B). Overall, our results demonstrate the use of enzyme-activated, 

minimalistic electrostatic patterns in short peptide ligands to effectively trigger the self-

assembly of NPs in biological contexts and alter the entry of these NPs into target cells. 

 

Figure 1. Summary of enzyme-responsive nanoparticle system for controlled endocytic 

pathways. (A) Schematic illustration of MMP-9-triggered assembly of AuNPs using charge-
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complementary peptides. The structural formula, pre-cleavage, and post-cleavage cartoon 

representations of MMP-9 responsive peptide ligand, [EG]8-GPKG↓LRGD-[EG]5-C, are 

shown. (B) Schematic illustration of distinct endocytic pathways of the NPs due to enzyme 

responsiveness. When the cleavage site is Gly-Leu, the ligand can be cleaved by MMP-9 

(“activated”). When the cleavage site is Leu-Gly, the ligand cannot be cleaved by MMP-9 

(“non-activated”). The activated AuNPs form aggregates and undergo macropinocytosis. The 

non-activated AuNPs remain discrete and undergo pinocytosis or direct membrane 

penetration. 

2. Results and Discussion 

2.1. Design of MMP-9 responsive peptide ligands 

We designed four PEGylated peptide sequences – GPKGLRGD (GLD), GPKGLRGE (GLE), 

GPKLGRGD (LGD) and GPKLGRGE (LGE) (Table 1) to illustrate the enzymatic 

specificity of MMP-9 and to further prepare peptide–gold conjugates. The rationale behind 

the design of these ligands is as follows: (a) GLD and GLE are expected to be cleaved by 

MMP-9,[40] at the GX (P1↓P1′) position (Table 1), where X should have a small hydrophobic 

side chain (i.e., A, V, L, or I); (b) after a simple inversion of the GL sequence, LGD and LGE 

may serve as negative controls: MMP-9 is not expected to hydrolyze the LG sequence at the 

P1↓P1′ site or the GR sequence at the P1′↓P2′ site; (c) all peptides have a net positive charge to 

electrostatically attract MMP-9 to ensure enhanced activity (pI = 5.7, net negative charge at 

physiological pH);[41,42] (d) the OEG at the N-terminus of the peptide provides colloidal 

stability for the AuNP at physiological salt concentration; (e) the OEG at the C-terminus of 

the peptide adds distance and reduces steric hindrance between the peptide and the AuNP 

surface, ultimately improving the accessibility of MMP-9; (f) the terminal cysteine residue 

facilitates the immobilization of the peptide ligand to the AuNP surface via thiol–gold 

binding;[43,44] and (g) the RGD sequence plays a dual role of promoting AuNP aggregation 
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after peptide cleavage via electrostatic interaction and potentially binding to the cancer cell 

membranes that overexpress αvβ3 integrin receptors,[45,46] whereas the RGE sequence serves as 

an integrin-inactive control.[47] The peptide ligands were synthesized using Fmoc-based solid-

phase peptide synthesis (SPPS), PEGylated, purified on preparative high-performance liquid 

chromatography (HPLC), lyophilized in water, and characterized by liquid chromatography–

mass spectrometry (LCMS). The chemical structures and LCMS spectra of the peptide ligands 

are shown in Figure S1, Supporting Information.  

We measured the rate of peptide hydrolysis by MMP-9, firstly in the absence of AuNPs to 

facilitate direct analysis by LCMS. Lyophilized peptide ligands were dissolved in phosphate-

buffered saline (PBS) buffer at pH 7.4, supplemented with CaCl2 and ZnCl2 for compatibility 

with MMP-9 (a metalloproteinase with zinc- and calcium-dependent catalytic domain), and 

sonicated for 10 min to achieve 1 mM peptide solutions. Then, 100 ng/mL MMP-9 was 

incubated with the peptides at 37 ºC, and the reaction was monitored up to 48 hours using 

LCMS to identify and quantify the enzymatic products. As shown in Figure 2A, over 96% of 

GLD and GLE was cleaved by MMP-9 in 48 hours. The enzymatic products were 

characterized and confirmed by LCMS; as expected, the cleavage site occurred at G↓L 

(Figure S2 A and B, Supporting Information). In contrast, we did not observe the formation of 

enzymatic products from LGD or LGE over 48 hours (Figure S2 C and D, Supporting 

Information). Such drastic change in enzyme responsiveness demonstrated a high specificity 

of MMP-9 to the GL sequence at the P1↓P1′ site. The overall positive charge of the peptides 

could be vital in achieving the cleavage at one unique position; it has been reported that 

negatively charged peptides with similar lengths exhibited inconsistent cleavage sites (P6↓P5, 

P2↓P1, or P1′↓P2′) by MMP-9 under the same experimental conditions.[42,48] To the best of our 

knowledge, this level of selectivity with such minimal change in sequence by design has not 

been demonstrated before in MMP-responsive materials. 
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Table 1. Design of peptide ligands (red dashed line indicates the cleavage site) and their 

expected responsiveness to MMP-9. 

Code Peptide Sequence MMP-9 responsive 

 

 

 P4 P3 P2 P1 P1’ P2’ P3’ P4’  Anchor  

    X1 X2       

GLD EG8 G P K G L R G D EG5 C Yes 

GLE EG8 G P K G L R G E EG5 C Yes 

LGD EG8 G P K L G R G D EG5 C No 

LGE EG8 G P K L G R G E EG5 C No 

 

 

Figure 2. (A) MMP-9 specificity measured by LC–MS. Peptide ligands GLD, GLE, LGD, 

and LGE (1 mM) were incubated with 100 ng/mL of MMP-9 at 37°C. Percentage conversion 

of the peptides to the enzymatic products are shown. These results confirm that MMP-9 is 

highly specific to the GLD/GLE ligand at the P1↓P1′ site. Error bars, mean ± SD (n = 2). (B) 

Schematic illustration of the two-step synthesis of peptide–AuNP conjugates. First, citrate-

stabilized AuNPs[61] were treated with an excess of α-lipoic acid (LA) to replace the citrate 

molecules and block the gold surface to prevent non-thiol–gold interactions. Then, excess of 

peptides was added to allow a second ligand exchange to allow for peptide–AuNP 
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conjugation. The schematic represents an idealized situation of a quantitative ligand exchange 

at each step. (C) Hydrodynamic size measurements by DLS (left) and ζ-potential 

measurements (right) of the AuNPs at each step of the surface immobilization process.  

2.2. Immobilization of peptide ligands on NPs 

The surface functionalization of 16.5 ± 0.5 nm spherical AuNPs with the peptide ligands was 

achieved by a two-step ligand exchange process starting from AuNPs prepared by the citrate 

reduction method. The morphology, particle size, and ζ-potential of the as-synthesized citrate-

stabilized AuNPs (Au@Citrate) are shown in Supporting Information (Figure S3). A 

schematic illustration of the ligand exchange process is shown in Figure 2B. Alpha-lipoic acid 

(LA) was used as an intermediate ligand to block the gold surface and to prevent any non-

thiol–gold interactions. LA was previously shown to be particularly effective as an 

intermediate ligand for AuNPs prior to the subsequent coupling of positively charged 

peptides.[49] This was indeed found to be a crucial step to prevent AuNP aggregation upon 

peptide addition: without the intermediate ligand, both the amine group of the lysine residue 

and the thiol group of the cysteine residue on the peptide ligands are able to bind to the gold 

surface and consequently promote crosslinking of the particles.[50–52] The LA intermediate 

ligands on the surface prevent undesired amine–gold interaction and favor the stronger thiol–

gold binding between the peptide ligands and the AuNPs. Successful coupling of LA to the 

surface of AuNPs was evidenced by the stability of Au@LA at physiological salt 

concentration, whereas Au@Citrate NPs aggregated immediately upon addition of TBS buffer 

(Figure S4, Supporting Information). In the second step, a 10-fold excess of peptides (relative 

to the amount of LA immobilized on the AuNPs, assuming a grafting density[53] of 4 

molecules/nm2) was used to competitively drive the displacement of the LA. As such, this 

step required a longer reaction time of up to 24 hours. The peptide–NP conjugation was 

monitored and confirmed by ζ-potential measurements until the positive value of ζ-potential 
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plateaued. The increasing hydrodynamic diameters and the change of ζ-potentials of the NPs 

at each step are shown in Figure 2C. To further confirm that the peptide ligands were bound 

directly to the surface of the AuNPs (and not electrostatically adsorbed to the LA ligands), the 

stability of NPs was monitored by lowering the pH to 2 by adding HCl. It can be expected that 

if the dominant ligand on the AuNP surface is LA, the protonated carboxylates would drive 

the aggregation of the NPs. However, we observed that the NPs retained colloidal stability 

(i.e., the wine-red color was retained) at pH 2; although we cannot exclude the presence of 

residual lipoic acid on the surface of the NPs, our results suggest that the dominant ligands on 

the AuNPs are the PEGylated peptide ligands.  

2.3. Enzyme-activated aggregation of NPs driven by charge-complementary peptide 

ligands 

To investigate the specificity of MMP-9 on the immobilized peptides on AuNPs, Au@GLD, 

Au@GLE, Au@LGD, and Au@LGE were incubated with MMP-9 for up to 48 hours. The 

color of the solution, the particle size, and the ζ-potential were monitored over time. Figure 

3A shows that the characteristic red color of the AuNPs in the Au@GLD and Au@GLE 

solutions turned purple within the first hour. This result indicates that the particles started to 

aggregate when only limited amount of the peptides were cleaved, given that the hydrolysis of 

the immobilized peptides by MMP-9 is likely slower[54] than that of the free peptides (<10% 

at t = 1 hour, Figure 2A). The color of the solution gradually disappeared as the particles 

continued to aggregate and settle. For Au@GLD and Au@GLE, all the particles settled 

within 6 hours of incubation with MMP-9 (Figure 3A). At 6 hours, 40-48% of peptides were 

cleaved by MMP-9 when the peptides were not immobilized (Figure 2A). Such an early onset 

of NP aggregation was expected because the aggregation could occur as long as a sufficient 

fraction of peptides was cleaved to expose the RGD sequence that drove multivalent 

electrostatic interaction. This level of aggregation is much more significant compared to many 

Self-complementary zwitterionic peptides direct nanoparticle assembly and enable enzymatic selection of endocytic pathways



  

11 

 

DNA- or peptide-based systems where a more subtle red-shift of the LSPR band is commonly 

observed.[10,14] By increasing the acidity of the solution to pH 2, the aggregated AuNPs at 48 

hours became dispersed again, as manifested by the reappearance of the wine-red color, 

indicating that the aggregation was indeed driven by electrostatic interactions between the 

RGD moieties on the AuNPs. ζ-potential measurements of the Au@GLD and Au@GLE 

particles showed a shift of the surface charge from positive (+12 mV) to negative (–8 mV), 

indicating that the aggregated particles had a weakly negatively charged surface after the 

GLD peptides were cleaved (Figure 3C). We propose that the L residue which remains upon 

enzymatic cleavage further enhances the electrostatic interactions by providing an apolar 

environment which shields the ionic bonds. TEM images and hydrodynamic size 

measurements by DLS at 48 hours after MMP-9 incubation also confirmed that the Au@GLD 

and Au@GLE particles formed aggregates at 585 ± 19 nm and 630 ± 8 nm, respectively 

(Figure 3D, and S5, Supporting Information). In the case of Au@LGD and Au@LGE, the 

color of the solution, particle size, and ζ-potential remained unchanged after MMP-9 

incubation, as anticipated.  
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Figure 3. MMP-9-triggered AuNP aggregation. (A) Photographs of peptide-functionalized 

nanoparticles, Au@GLD, Au@GLE, Au@LGD, and Au@LGE incubated with MMP-9 at 

37 °C and pH 7.4 over 48 hours. For Au@GLD and Au@GLE, the characteristic red color of 

the solution turned purple and then colorless, indicating that the AuNPs aggregated and then 

settled over time. For Au@LGD and Au@LGE, the peptides were not cleaved by MMP-9 

and thus the particles remained stable. (B) UV-Vis spectra of the Au@GLD NPs incubated 

with MMP-9 over time. (C) ζ-potential measurements of the peptide-functionalized NPs at 0 
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and 48 hours following the incubation of MMP-9. The Au@GLD and Au@LGE NPs showed 

a shift of the surface charge from positive to negative, indicating that the aggregated particles 

had an overall negatively charged surface after the peptide ligands were cleaved. (D) TEM 

images confirmed that the Au@GLD and Au@GLE particles aggregated at 48 hours while 

the Au@LGD and Au@LGE particles remained discrete. Scale bars, 100 nm.  

Notably, AuNPs functionalized with the same peptide appended with longer PEG chains (Mn 

= 2000; ~45 ethylene glycol units) aggregated much slower (Figure S6, Supporting 

Information), suggesting that the longer PEG chains hindered the access of MMP-9 to the 

peptide cleavage site, hence slowing down the cleavage reaction. This observation is 

consistent with previously reported system using PEG-2000-terminated peptides immobilized 

on glass surfaces showing reduced enzymatic conversions.[55] We reiterate here that the EG8 

linker used in our system does not compromise the recognition of the peptide sequence by 

MMP-9 while providing sufficient colloidal stability for the AuNPs.  

2.4. MMP-9-responsive NPs slow down cancer cell growth 

To evaluate the effects of the MMP-9-responsive NPs on cells, cell viability assays were 

performed using MDA-MB-231, a metastatic triple negative breast cancer cell line, versus 

IMR-90 normal lung fibroblast cells. Expressions of MMP-9 and integrin are both promoted 

in metastatic breast cancer cells as these two factors cooperate to enhance breast cancer cell 

migration which requires degradation of the local extracellular matrix.[45] Figure 4A shows 

that the incubation of cancer cells with MMP-9-responsive NPs, Au@GLD and Au@GLE, 

for 48 hours resulted in a significant decrease in cell viability in comparison to the controls 

where no NPs were added. Cancer cells treated with NPs not responsive to MMP-9, 

Au@LGD and Au@LGE, also exhibited reduced viability but to a significantly lesser extent, 

and this was observed across all the NP concentrations tested. In contrast, the influence of 

both MMP-9-responsive and non-responsive NPs on the cell viability of non-tumor cells was 
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marginal (Figure 4B). The cell viabilities of both cell lines were also measured at 24- and 72-

hours following incubation with the peptide-functionalized NPs (Figure S7, Supporting 

Information). The cell viabilities for the non-tumor cells were consistent throughout all 3 time 

points as expected. For the cancer cells, a decrease in cell viabilities among all NPs was 

observed from 24 to 48 hours. However, an increase of cell viabilities was observed at 72 

hours of incubation, likely due to cell recovery and continued proliferation of unaffected cells 

between 48 to 72 hours. Interestingly, there was no significant difference in viability between 

the cancer cells treated with the RGD-containing NPs and those treated with the RGE-

containing NPs. The comparable cancer cell response to the NPs aggregates may relate to 

formation of protein corona[24] on the surface of the NP aggregates, which could also cause 

the cells to treat the NPs indifferently. 

2.5. The effect of MMP-9 responsiveness of the NPs on cellular uptake and endocytic 

pathways 

Two scenarios could cause the difference in cell viability between the cancer cells treated 

with MMP-9-responsive and non-responsive NPs: first, the aggregates formed by the MMP-9-

responsive NPs were internalized while the non-responsive NPs were not; second, 

internalization occurred for both types of NPs, but their respective internalizing pathways and 

biodistributions differed significantly. To evaluate this, we employed confocal reflection 

microscopy to track the biodistribution of NPs and TEM to obtain the precise locations of the 

NPs in cells. Confocal reflection imaging revealed that NP aggregates can be clearly observed 

inside MDA-MB-231 triple negative breast cancer cells and are co-localized with endosomes 

and/or lysosomes (Figure 4C). In contrast, no signs of NP aggregates can be detected in non-

tumor cells (Figure 4D). In addition to NP aggregation, the elevated endocytic activity in 

cancer cells due to the dysregulation of endocytic proteins might have also contributed to the 

difference in cytotoxicity between the two cell lines. Importantly, the largest aggregates were 
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observed in cancer cells treated with the Au@GLD NPs, while the Au@GLE NPs formed 

smaller aggregates. The non-MMP-responsive NPs Au@LGD and Au@LGE unexpectedly 

formed aggregates in cancer cells, suggesting a different mechanism that drove the assembly 

of the NPs. The combined observations that both the MMP-9-responsive and non-responsive 

NPs were internalized in cancer cells and that the MMP-9-responsive NPs resulted in 

significantly lower cell viability suggest that there is a key difference in cellular uptake 

mechanisms between the two types of NPs. Thus, we further employed TEM to examine the 

NPs at the sub-cellular level in cancer cells. The TEM images in Figure 4E revealed that the 

Au@GLD NPs formed large aggregates outside of the cell and these were internalized via 

macropinocytosis,[56,57] an actin-dependent endocytic pathway that cells undergo to capture 

foreign objects in the size range of 100-1000 nm. In contrast, being unable to form large 

aggregates due to lack of MMP-9 responsiveness, the Au@LGD NPs were internalized by 

receptor-mediated endocytosis, as observed by the small vesicles capturing individual NPs or 

small clumps thereof (Figure 4E and Figure S8, Supporting Information). Additionally, some 

of the Au@LGD NPs can be found in cytoplasm without being encapsulated by vesicles 

(Figure S8, Supporting Information), indicating that direct membrane penetration of these 

NPs also occurred, possibly due to the positive charge of the peptide ligands. We propose that 

this distinct difference in endocytic pathways is likely the cause of the difference in cell 

viabilities between the MMP-9-responsive and non-responsive NPs: macropinocytosis 

requires the formation and assembly of actin, which serves as the scaffolding for membrane 

ruffling; the large energy cost in this active process resulted in the slower growth of the cells. 

Previous real-time studies have shown that the process of macropinocytosis from the 

formation of membrane ruffling to the complete development of macropinosome can take up 

to 10 minutes, while the time it takes for clathrin-mediated endocytosis is within seconds in 

comparison.[58,59]  
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Figure 4. Impact of MMP-9 responsive and non-responsive NPs on cells. (A, B) Cell viability 

of MDA-MB-231 triple negative breast cancer cells and IMR-90 normal lung fibroblast cells 

using PrestoBlue assay following 48 hours of incubation with NPs at different concentrations. 

Error bars, mean ± SD (3 ≤ n ≤ 6). *P > 0.05, **P < 0.001, statistics by one way ANOVA. (C, 

D) Confocal images of MDA-MB-231 cancer cells and IMR-90 cells treated with the 

indicated NPs for 48 hours. AuNP aggregates (red) were visualized in confocal reflection 

mode. Scale bars, 20 µm. (E) TEM images of MDA-MB-231 cancer cells treated with 

Au@GLD and Au@LGD. Red arrows indicate the distinct features of macropinocytosis (left) 

versus receptor mediated endocytosis (right). E: endosome; M: mitochondria; Lys: lysosome; 

AL: autolysosome. 

3. Conclusion 

In summary, we present the modular design of an enzyme-activated AuNP aggregation 

system using immobilized MMP-9-cleavable peptides which reveal LRGD as a self-

complementary assembly motif and a potential cell adhesive ligand (or LRGE as a self-

assembling, non-cell-adhesive control). We show that the assembly of peptide-functionalized 

AuNPs via electrostatic complementarity can be achieved using the minimalistic peptide 

sequence LRGD – an approach that is expected to be generally applicable for supramolecular 

self-assembly driven by a self-complementary ligand that can potentially be expanded to 

different charge patterns to give rise to selectivity. In addition, we demonstrate that this 

MMP-triggered, electrostatically driven assembly of NP is programmable by changing the 

peptide sequence, i.e., as simple as swapping the amino acids at the P1/P1′ position. With this 

level of specificity, our modular NP system shows potential biosensing capabilities that take 

advantage of enzyme specificity and amplification and may be extended to other cancer-

targeting drug delivery systems. When the NPs are exposed to triple negative breast cancer 

cells with high MMP-9 expression level versus normal cells, distinct cellular responses are 
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observed. Furthermore, we demonstrate that the programmable assembly of the NPs alters 

endocytic pathways and reduces cancer cell viability.  

Overall, the NP platform in this study offers the ability to direct cellular uptake pathways and 

consequently influence cancer cell growth using zwitterionic self-assembling peptides. With 

the selective cytotoxicity demonstrated, the enzyme-mediated NP aggregation design holds 

potential for cancer therapy via physical damage/interruption of cells without the need for 

incorporating anti-cancer drugs. The level of cytotoxicity (up to 60%) is comparable to 

previous study that used a combination of enzyme-induced AuNP assembly and photothermal 

therapy at equivalent concentration of NPs.[60] The MMP-responsive AuNP aggregates may 

also serve as a signal amplification system for cancer targeting computed tomography (CT) or 

surface-enhanced Raman spectroscopy (SERS) imaging,[61–63] piezoelectric or electric 

biosensors owing to the mass and charge stored in the NP aggregates,[64] or protease biosensor 

for the rapid detection of SARS-Cov-2.[65] These areas will be subject of further study.  

 

4. Experimental Section 

Synthesis of Peptide Ligands: Peptide fragments in GLD, GLE, LGD, and LGE without the 

N-terminal OEG chains were synthesized on a CEM Liberty Blue microwave-assisted solid-

phase peptide synthesizer (USA) using Rink Amide resin and Fmoc-protected amino acids in 

1:6 resin to amino acid ratio (double coupling for lysine and single coupling for all other 

amino acids). The C-terminal OEG was coupled using Fmoc-(EG)5-CH2CH2COOH (Sigma-

Aldrich) within the synthesizer. The complete peptide-loaded resins (without the N-terminal 

OEG chains) were washed three times in dichloromethane on a filtration column. Then, the 

N-terminal OEG was coupled to the peptide using HO-(EG)8-CH2CH2COOH (Sigma-

Aldrich) (3-fold excess over the resin). N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-

yl)uronium hexafluorophosphate (HBTU) and N-ethyl-N,N-diisopropylamine (DIPEA) were 

used as the activating and coupling reagents in 1:2, respectively, relative to the OEG molecule. 
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Finally, the resins and side chain protecting groups were removed from the peptides by 

treatment with a TFA cocktail (92.5% TFA, 2.5% triisopropylsilane, 2.5% 2,2′-

(ethylenedioxy)diethanethiol, and 2.5% water) for 4 h. The complete peptide ligands were 

recovered by removing the TFA cocktail, followed by precipitation in cold diethyl ether. The 

peptide ligands were washed three times in ice cold diethyl ether using a centrifuge to decant 

the supernatant. The crude peptide ligands were purified by preparative HPLC using a C18 

column (100x21 mm, 5 µm, flow rate at 8 mL/min) on a Thermo Scientific Dionex Ultimate 

3000. To remove the residual TFA salts attached to the amino groups,[66] the peptide ligands 

were dissolved in HCl solutions (1 mg/mL of peptide ligand in 10 mM HCl) to allow for 

anion exchange. The solution was then lyophilized overnight to remove all liquid. The HCl 

wash/lyophilization cycle was repeated two more times and the peptide ligands were finally 

lyophilized.in Milli-Q water. The purified and TFA-removed peptide ligands were 

characterized by LCMS (Figure S1). 

Peptide Cleavage by MMP-9: MMP-9 (catalytic domain, human) (recombinant, E. coli) was 

purchased from Enzo. The purchased enzyme solution was defrosted and aliquots were made 

for storage at −80 °C. The 1 mM peptides were prepared in PBS (2.7 mM KCl, 137 mM NaCl, 

supplemented with 1 mM CaCl2 and 55 μM ZnCl2), and the pH was adjusted to 7.4 using 0.5 

M NaOH or HCl. Then, 1 mL of peptide solution was then incubated at 37 °C in a stationary 

heat block with 100 ng/mL (2.56⋅10–9 mol/L) of MMP-9. Reaction samples (50 μL) were 

taken at each time point (Figure 2) for up to 48 h for LCMS analysis. 

Synthesis of Gold Nanoparticles: The preparation of monodisperse spherical AuNPs followed 

the standard citrate reduction method[67,68] with some modifications. Briefly, a solution of 100 

mL of 0.5 mM HAuCl4 was prepared. The pH of the solution was adjusted to approximately 

4.0 using 1 M NaOH solution. The mixture was heated to boil in a round-bottom flask 

equipped with a condenser. Then, 0.39 mL of 0.5 M sodium citrate solution was added 

quickly. The reaction mixture was refluxed under magnetic stirring for 30-40 minutes until a 
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characteristic wine-red color was observed. This method produced highly monodisperse (PDI 

~5%) gold nanoparticles with an average diameter of 16 nm (TEM). 

Peptide Immobilization on Gold Nanoparticles: The NP–peptide coupling was achieved 

through a two-step coupling process using α-lipoic acid (LA) as an intermediate ligand.[47] 

The as-synthesized gold nanoparticles were centrifuged at 13,500 RPM and subsequently 

redispersed in sodium phosphate buffer (10 mM, pH 7.4) to a concentration where the optical 

density (OD) is 1. In the first step, 5 mL of the above AuNP solution was incubated overnight 

with 20 μL of LA (10 mM in ethanol) under gentle agitation. The LA-functionalized AuNPs 

(Au@LA) were then centrifuged at 13,500 RPM for 10 minutes, followed by decantation of 

supernatant. The Au@LA NPs were re-dispersed in water, and the centrifugation/wash cycle 

was repeated two more times. In the second step, 5 mL of the purified Au@LA NPs in 

phosphate buffer (10 mM, pH 7.4) was incubated with 400 μL of the respective peptide 

ligands (1 mM in phosphate buffer) for 24 h under gentle agitation. The number of peptide 

ligands added was approximately 10 times that of the immobilized LA on the AuNP, 

assuming a grafting density of 4 molecules/nm2. Tween 20 was added to this solution (final 

concentration = 0.05% v/v) to avoid non-specific binding of the peptides. Excess peptides 

were removed by three centrifugation/wash cycles (13,500 RPM for 10 minutes using water). 

The purified Au@peptide NPs (Au@GLD, Au@GLE, Au@LGD, and Au@LGE) were re-

dispersed in 5 mL of 1× PBS at pH 7.4. 

Cell Lines: Human breast adenocarcinoma MDA-MB-231 and lung fibroblast IMR-90 

lines were obtained from the American Type Culture Collection (ATCC) (Manassas, Virginia, 

USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning, Corning, NY, 

USA) media containing 10% fetal bovine serum (FBS), certified, heat-inactivated, U.S. origin 

(Gibco, Life Technologies, USA), 1% minimum essential media nonessential amino acids 

(NEAA, Gibco) and 1% penicillin−streptomycin (PenStrep, Mediatech). Cells were 

maintained at 37 °C and 5% CO2 in a humidified incubator. 
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Cell Viability Assay: Cell viability in varying concentrations of the Au@peptide NPs was 

assessed using PrestoBlue cell viability assay. Human breast adenocarcinoma (MDA-MB-

231) and lung fibroblast (IMR-90) cells were seeded in a 96-well flat bottom microplate 

(BioLite Microwell Plate, Fisher Scientific, Waltham, MA). For IMR-90, 6.0 × 103 cells per 

well were plated, and for MDA-MB-231, 5.6 × 103 cells per well were plated in 100 

μL of DMEM culture media. The cells were allowed to grow for 24 h at 37 °C and 5% CO2 in 

a humidified incubator. At confluency, cells were dosed with 0, 1, 2, 5, 10, or 50 nM of 

Au@peptide NPs (in triplicate). Following the administration of the NPs, cells were incubated 

for 48 h at 37 °C under 5% CO2. After each period of incubation, PrestoBlue (Life 

Technologies, Carlsbad, CA) was used as an indicator of cellular toxicity; 11 μL of 

PrestoBlue was added to each well and incubated for 1 h at 37 °C under 5% CO2. The 96-well 

plate was then analyzed using a multimode plate-reader BioTek Microplate Reader (BioTek 

U.S., Winooski, VT) at 560 / 590 nm wavelength. The percentage of surviving cells was 

calculated as a normalized ratio of the fluorescence intensity between cells treated with 

AuNPs and media alone. 

Confocal Reflection Imaging: For all cell imaging experiments, 8 × 103 MDA-MB-231 cells 

or IMR-90 cells were seeded into Nunc™ Lab-Tek™ 8-Chamber Slide with coverslip bottom 

(Fisher Scientific, USA). After 24 h incubation to allow adhesion, the cells were exposed to 2 

nM of NPs for 48 h. Live cell imaging was performed on a Zeiss LSM880 Confocal 

Microscope equipped with temperature and CO2 concentration-controlled incubator system.  

EC Plan Neofluor 10x/0.3 NA (numerical aperture), Plan-Apochromat 20x /0.8 NA and Plan-

Apochromat 40x/1.2 NA Water objectives were used. NPs were visualized under confocal 

reflection mode using 561 nm excitation laser at 1% laser power. In most experiments, 

confocal reflection mode was combined with brightfield imaging using T-PMT to track the 

structure and dynamic of the cells.  
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TEM: Human breast adenocarcinoma, MDA-MB-231 cells (8 × 103 cells) were seeded into 

Nunc™ Lab-Tek™ 8-Chamber Slide (Fisher Scientific, USA) with coverslip bottom. After 24 

h of incubation, the cell cultures were exposed to 2 nM of NPs for 1 h, 6 h, 24 h or 48 h and 

then washed with PBS, fixed with 2% glutaraldehyde and 2% paraformaldehyde solution in 

0.1M PBS-sodium cacodylate buffer (50:50, pH 7.0) at 4 °C overnight. In the same chamber 

slides, cells were post-fixed with 2% osmium tetroxide, stained with 1% uranyl acetate and 

embedded in Spurr’s resin[69] and BEEM® Embedding Capsules Size 3 (EMS, USA). The 

coverslips were removed by briefly dipping the chamber slide into liquid nitrogen. Sections, 

85 nm thick, were cut and collected with standard procedures.[68] Samples were examined 

using a JEM-2100 (JEOL) electron microscopes at the City College of New York. 
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An enzyme-activated assembly of AuNPs using the zwitterionic peptide, LRGD, as a self-

complementary, electrostatic binding moiety is illustrated. PEGylated peptide ligands 

containing the LRGD sequence are immobilized on the AuNPs. Cancer-specific enzymes, 

matrix metalloproteinase-9 (MMP-9), cleave the peptide ligands and subsequently reveal the 

LRGD moities that promote multivalent, electrostatic interactions, leading to the assembly of 

the AuNPs. 
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Figure S1A. Structural details and LCMS spectra of GLD. 
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Figure S1B. Structural details and LCMS spectra of GLE. 

 

  

Figure S1C. Structural details and LCMS spectra of LGD. 
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Figure S1D. Structural details and LCMS spectra of LGE. 

 

 Figure S2A. LCMS characterization of GLD (1 mM) incubated with MMP-9 (100 ng/mL) 

over 48 hours. 
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Figure S2B. LCMS characterization of GLE (1 mM) incubated with MMP-9 (100 ng/mL) 

over 48 hours. 

 

Figure S2C. LCMS characterization of LGD (1 mM) incubated with MMP-9 (100 ng/mL) 

over 48 hours. MS peaks for the hypothetical enzymatic fragments were not detected. 
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Figure S2D. LCMS characterization of LGE (1 mM) incubated with MMP-9 (100 ng/mL) 

over 48 hours. MS peaks for the hypothetical enzymatic fragments were not detected. 
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Figure S3. Characterization of AuNPs synthesized by the citrate reduction method. (A) and 

(B) TEM images of as-synthesized AuNPs. (C) Hydrodynamic diameter of AuNPs by DLS; 

17.5 ± 0.5 nm. (D) Zeta-potential measurement; –33.8 ± 2.9 mV. 

 

 
 

Figure S4. Photographs of Au@LA (left) and Au@Citrate (right) after redispersion in TBS 

buffer at pH 7.5, indicating the successful coating of LA onto the Au surface. 
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Figure S5. Additional TEM images of Au@GLD (A, B) and Au@GLE (C, D) after 

incubation with MMP-9 for 48 hours. 

 

 
Figure S6. Photographs of Au@GLD functionalized with PEG-2000 (Au@GLD-PEG-2000) 

incubated with 100 ng/mL of MMP-9 at 37 °C and pH 7.4 over 48 hours. The color of the 

solution remained bright-red in the first 24 hours and turned slightly purple-red at t = 48 hours, 
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indicating either a slow cleavage rate of the peptides functionalized with PEG-2000 or 

efficient stabilization of AuNPs by PEG-2000 even after cleavage.  

 

Figure S7. Cell viability of MDA-MB-231 triple negative breast cancer cells (A) and IMR-90 

normal lung fibroblast cells (B) following 24, 48, and 72 hours of incubation with 1 nM of 

peptide-functionalized NPs. Error bars, mean ± SD. The viability of MDA-MB-231 first 

decreased from 24 to 48 hours due to cytotoxicity of the internalized NP aggregates, and 

increased from 48 to 72 hours, likely due to cell recovery and continued proliferation of 

unaffected cells. 
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Figure S8. TEM images of Au@LGD NPs (highlighted by red arrows) in MDA-MB-231 

cells in vesicles (A, B) and in cytoplasm (C, D). Scale bars, 500 nm. 

Supporting Experimental Section 

Liquid chromatography–mass spectrometry (LCMS). 50 μL of the enzyme reaction 

solution (or peptide-only solution at t = 0) was taken out at different time points and directly 

added to 450 μL of 20% acetonitrile in water containing 0.1% formic acid (FA). Samples 

were analyzed on an LCMS system comprising a Thermo Fisher Vanquish LC system 

coupled to an electro spray ionization (ESI) mass spectrometer. Samples were injected onto 
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an a Phenomenex Luna100 Å 5 μm 50x2 mm C18(2) column using a gradient of 2−50% 

acetonitrile in water (0.1% FA) at a flow rate of 0.4 μL/min over 10 min followed by a 2-

minute wash step with 95% acetonitrile. 

Hydrodynamic diameter and ζ-potential measurements. The hydrodynamic diameter and 

surface charge were recorded using an Anton Paar Litesizer 500 Particle Analyzer. For the 

particle size measurements, a quartz cuvette was used to hold 1 mL of AuNPs or 

Au@peptides aqueous solution. The volume weighted size distribution peak values were used 

to report the hydrodynamic diameters. For the ζ-potential measurements, the AuNPs or 

Au@peptides NPs were prepared in 10 mM of sodium phosphate buffer (pH 7.0) and 0.3 mL 

of each sample was injected into an Omega cuvette. Measurements were made at 25 °C using 

Smoluchowski approximation with a maximal voltage of 200 V.  

Transmission electron microscopy (TEM). The TEM images of AuNPs were taken on FEI 

Titan Themis 200 kV TEM. AuNPs, Au@peptide NPs before cleavage, and Au@peptide NPs 

after cleavage were prepared in Milli-Q water, and 5 μL of the solution was drop casted on a 

carbon film grid (300 mesh, copper) and dried completely. 

UV-Vis spectroscopy. The UV-Vis absorption spectra of the AuNPs were recorded on 

JASCO V-660 UV-Vis spectrophotometer using quartz cuvettes with 1 cm path length. Scans 

were recorded in the range 300–900 nm at a scan speed of 1000 nm/min and 0.5 nm data 

interval. 
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