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Abstract: Molecular self-assembly has been widely used to develop 

nanocarriers for drug delivery; however, most have unsatisfactory 

drug loading capacity (DLC) and the dilemma between stimuli-re-

sponsiveness and stability, stagnating their translational process. 

Here we overcame these drawbacks using dynamic combinatorial 

chemistry. A carrier molecule was spontaneously and quantitatively 

synthesized, aided by co-self-assembly with a template molecule and 

an anti-cancer drug doxorubicin (DOX) from a dynamic combinatorial 

library that was operated by disulfide exchange under thermody-

namic control. The highly selective synthesis guaranteed a stable yet 

pH- and redox- responsive nanocarrier with a maximized DLC of 

40.1% and an enhanced drug potency to fight DOX resistance in vitro 

and in vivo. Our findings suggested that harnessing the interplay be-

tween synthesis and self-assembly in complex chemical systems 

could yield functional nanomaterials for advanced applications.  

Introduction   

Molecular self-assembly is a powerful nanotechnology used to 

develop nanocarriers that deliver anti-cancer drugs to tumour 

sites for chemotherapy.[1] For this purpose, nanocarriers are usu-

ally self-assembled by amphiphilic molecules through non-cova-

lent interactions and drug molecules are encapsulated in the 

nanocarriers.[2] Nanocarriers with tailored properties not only pro-

tect the inclusive drugs from degradation and promote drug bio-

availability, but also selectively deliver drugs to tumour lesions 

via the enhanced permeation and retention (EPR) effect.[3] An 

ideal nanomaterial for drug delivery has a high drug-loading ca-

pacity and is stable while it is transported to cancer cells but can 

also release drug molecules at tumour sites.[4]  

    It has been a challenge to explore nanocarriers for drug deliv-

ery possessing all these merits simultaneously. Significant efforts 

have been made to develop various self-assembling molecules, 

such as liposomes,[5] linear/miktoarm polymers[6] and den-

drimers.[7] Though some materials have been available for clini-

cal anti-cancer treatment, most commercialized products suffer 

from low drug-loading degrees (generally less than 10%) and 

usually disassemble easily during the delivery process.[8] Apart 

from these traditional self-assembling molecules, self-assem-

bling prodrugs have received recent attention as a promising 

strategy to enhance drug-loading contents for drug delivery.[9] 

However, prodrugs still face many long-standing challenges in-

cluding their insolubility, toxicity and poor bioavailability and phar-

macokinetics.[10] These drawbacks have been attributed to the 

inherent disadvantages of current design strategies for the mate-

rial. Normally, the traditional self-assemblers and the prodrugs 

are screened out from many candidate molecules. This process 

is time-consuming, as it requires tedious design, synthesis and 

testing. [1a] In contrast, nature often produces functional mole-

cules at a systems level rather than through an inefficient step-

by-step process. Molecules in living systems evolve intelligently 
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by responding to and adapting to changes in the natural environ-

ment. Natural selection integrates error correction into synthesis, 

enabling selected molecules to fit their operating systems per-

fectly.[11] We have proposed that imitating nature and finding a 

spontaneous synthesis strategy at a system level will create 

nanocarrier molecules effective for drug delivery. 

Dynamic combinatorial chemistry (DCC) possesses a synthe-

sis principle akin to that found in nature.[12] It deals with dynamic 

combinatorial libraries (DCLs), which are pools of interconverting 

molecules that exchange building blocks via reversible chemical 

reactions. The concentration distribution of library members is 

typically under thermodynamic equilibrium. The introduction of an 

external stimulus, for example, template molecules capable of 

binding tightly to a library member, lowers the energy level of the 

target library member and shifts the equilibrium of the mixture 

towards the library member’s concentration amplification. Re-

searchers have used this working principle to show that DCC is 

a powerful strategy for exploring synthetic receptors for biom-

acromolecules,[13] complex interlocked structures,[14] dynamic 

catalysts[15] and self-replicating molecules[16]. We are among the 

few who have suggested that it may also contribute to seeking 

nanocarriers for drug delivery. When a library species is amplified 

by a template molecule, matched binding gives rise to a supra-

molecular complex. If the complex can aggregate and self-as-

semble with drug molecules, then a secondary thermodynamic 

control process will assist the synthesis of the target library mem-

ber, producing co-self-assembled nanocarriers with encapsu-

lated drug molecules. Thus, co-self-assembly directs the system 

to synthesize the very self-assembling molecules spontaneously. 

The resulting nanomaterials are known as self-synthesizing 

nanocarriers. A DCC-based self-synthesizing strategy has sev-

eral advantages for drug delivery. First, the synthesis of the 

nanocarrier molecule is highly selected by the drug molecule, 

which ensures a relatively strong association between the 

nanocarrier and drug molecules. This enhances drug-loading ca-

pacity. Furthermore, spontaneous synthesis under thermody-

namic control produces relatively stable co-self-assembled 

nanostructures. Finally, the reversible nature of chemical reac-

tions for DCC will enable the nanomaterial responsive to release 

the encapsulated drug molecules when external stimuli are ap-

plied.   

Scheme 1. Schematic illustration of self-synthesizing nanorods emerging from DCLs against DOX resistant cancer in vitro and in vivo. A dithiol building block (BB) 

could be oxidized in the air to generate a DCL of potential disulfide macrocycles with various sizes under pH 7.4 at 298 K. With the addition of a pyridine template 

(T), the trimer (3mer) was the dominated species due to the formation of an amphiphilic complex 3mer  T that further self-assembled into nanofiber-based network 

structures. When a hydrophobic anticancer drug doxorubicin (DOX) and the T were both introduced into the same library, an octamer (8mer) instead of the 3mer 

was quantitatively amplified. The amplification mechanism was similar to that of the 3mer. The outcome of the self-synthesizing strategy driven by co-self-assembly 

were rigid nanorods. Upon introduction of the DOX molecule, the hydrophobic drug was encapsulated into the hydrophobic domain of the self-synthesizing nanorods. 

The resulting nanomaterials could overcome DOX resistance in vitro and in vivo.



In this study, we mimicked nature selection using DCC to ex-

plore self-synthesizing nanocarriers with high drug-loading con-

tents that are stable yet dual-responsive for anti-cancer drug de-

livery (Scheme 1). After the introduction of a template and drug 

molecule into a DCL prepared from a dithiol building block, the 

fittest octameric disulfide macrocyclic molecule (8mer) was quan-

titatively amplified under a thermodynamic selection. The se-

lected macrocycle minimalized the energy level of the complex 

system, and the formation of the right molecule 8mer, during the 

co-self-assembly process, aided the encapsulation of a drug mol-

ecule doxorubicin (DOX) with a very high drug-loading content 

(40.1%). The resulting nanorods had a low energy level, so they 

were stable enough to enhance drug accumulation and anti-tu-

mour potency via nano-formulation. Furthermore, the redox- and 

pH-responsive nature of the disulfide-linked macrocycle with car-

boxylic acids allowed the nanorods to release drug molecules in-

side the tumour cells. Finally, the smart nanorods showed a pow-

erful ability to fight DOX-resistant cancer both in vitro and in vivo. 

These findings suggested that, from a systems chemistry per-

spective, the interplay between synthesis and self-assembly in 

complex chemical systems is a powerful workhorse giving rise to 

self-synthesizing materials. This has opened up a new path for 

exploring drug delivery carriers and has provided a promising 

and effective tool for cancer chemotherapy.  

Results and Discussion  

Macrocyclic receptors linked by disulfide bonds can be amplified 

by template molecules through their binding in DCLs.[17] If the re-

sulting complex is a supra-amphiphile, then subsequent co-self-

assembly will take place. Guided by this hypothesis, we chose a 

well-studied dithiol building block BB functionalized with a car-

boxylic acid group, and we designed a cationic molecule with a 

long aliphatic tail as a template molecule T. The carboxylic acid 

group of the building block could be deprotonated at physiologi-

cal pH, making it water-soluble and providing the oxidized mac-

rocycles with negative charges, which have a potential associa-

tion with the pyridinium cation group of the template T. In addi-

tion, the aliphatic tail of the template owning a hydrophobic prop-

erty could make the resulting complex amphiphilic. An anti-can-

cer drug DOX was selected as a model drug that is poorly water-

soluble at physiological conditions, meaning that it could be bur-

ied in the hydrophobic domain of co-self-assembled nanomateri-

als.  

As before,[18] we prepared a DCL from the building block BB, 

at a concentration of 1.88 mM in a phosphate-buffered saline 

(PBS) buffer (pH 7.4). The library was vigorously stirred and fully 

oxidized in the air after 7 days. High performance liquid chroma-

tography–mass spectrometry (HPLC-MS) analysis showed that 

the main species were the trimer (3mer) and tetramer (4mer) of 

the building block BB (Fig. 1a). When the building block BB (1.88 

mM) and DOX (0.87 mM) were used for a library, DOX could not 

be dissolved during the whole oxidation process. The final con-

centration distribution of the two species (3mer and 4mer) was 

the same as in the library prepared only from the building block 

BB (Fig. 1b). However, in a parallel library (the NDcc library) 

made from the building block BB (1.88 mM) and the template T 

(0.94 mM), the dominant species was the 3mer while the 4mer 

nearly disappeared (Fig.1c). Thus, the drug alone gave no am-

plification effect to the library, but the template T amplified the 

3mer. 

Figure 1. Component and molecular association analysis of dynamic BB/T/Drug combinatorial systems. HPLC analysis at 254 nm of DCLs oxidized after 1 week at pH 

7.4 at room temperature: the DCL prepared from (a) BB alone (1.88 mM); (b) BB (1.88 mM) and DOX (0.87 mM); (c) BB (1.88 mM) and T (0.94 mM); (d) BB (1.88 mM), 

T (0.94 mM) and DOX (0.87 mM). (e) 1H NMR (600 MHz) analysis of samples made from (1) the template T alone (1 mM), (2) the template T (1 mM) and 8mer (0.2 mM) 

and (3) 8mer alone (0.2 mM). The spectra were recorded at 298 K in 10 mM phosphate buffer (pD 7.4, 11% D2O) with water presaturation. 



    To test the feasibility of exploring nanomaterials using DCC at 

a systems level, we introduced the template T and DOX together 

at the same time in a single library (the NDcc/DOX library). Unlike 

precipitants in the library mixed by the BB and DOX, the 

NDcc/DOX library remained a clear red solution for longer than 2 

months. Unexpectedly, a new species the 8mer of BB was al-

most quantitatively yielded (Fig. 1d). We had not observed this 

8mer in any of the previous libraries. Such remarkable amplifica-

tion could be re-formed by the partial reduction and reoxidation 

procedures, suggesting that the 8mer was a thermodynamic 

product.[19,20] In general, compared to the 3mer and 4mer, the 

8mer was thermodynamically unfavored. However, the 8mer was 

amplified at the expense of macrocycles of other sizes when the 

template T and DOX were added. We attributed this size-selec-

tive amplification to the downhill co-self-assembly of the three 

constitutes.  

 To elucidate the molecular organization of the nanostructures 

emerging from the NDcc/DOX ternary library, we purified the 

8mer using preparative HPLC and investigated its complexation 

with the template T using proton nuclear magnetic resonance (1H 

NMR) spectroscopy. Upon the addition of the 8mer into a solution 

of the template T in D2O (1 mM, pD 7.4), the signals of the pyri-

dine protons (Ha, Hb and Hc) and the methylene protons Hd of the 

template T showed remarkable upfield shifts, owing to the shield-

ing effect of the electron-rich cavities of the 8mer toward the tem-

plate (Fig. 1e). These results revealed that the 8mer was fully 

threaded by the guest template with the Ha, Hb, Hc and Hd protons 

in the hydrophobic cavity of the 8mer. We also conducted two-

dimensional nuclear overhauser effect (2D NOESY) experiments 

to study the spatial conformation of the inclusion complex (Fig. 

S4). The Nuclear Overhauser effect (NOE) correlation signals 

were observed between H1 and H2 protons on the 8mer and the 

Hc pyridine protons on the template, confirming the above thread-

ing binding mode. Then, we used the Job’s plot method on a 

UV−Vis spectrophotometer to show that the complex stoichiom-

etry between the 8mer and the template T was 1:2 (Fig. S5 and 

Fig. S6). The binding constant (Ka) of the formation of the 8mer 

 2T complex was further determined as 7.5 ×108 M−1 (Fig. S7 

and Fig. S8) using UV-vis titration.  

To investigate morphology in the complex system, we first ex-

amined a solution of only the template T (0.94 mM) under physi-

ological conditions using transmission electron microscopy 

(TEM). Micelles with sizes around 32 nm were observed (see Fig. 

S9a). The ζ-potential of the same solution was determined as 

+22.4 mV using dynamic light scattering (Fig.2a). This highly pos-

itive ζ-potential suggested that strong repulsive forces existed 

between the pyridine moieties of the template T, which could pre-

vent two molecular template T from being close enough to am-

plify 8mer. Instead, 3mer was amplified in the NDcc library by a 

single molecule of template T. We also prepared a solution of the 

template T (0.94 mM) and DOX with a target concentration of 

0.87 mM. However, most DOX was not dissolved well. The mor-

phology of the clear solution from this mixture was analysed us-

ing TEM. We observed micelles with larger sizes (around 57 nm) 

(see Fig. S9b), indicating the encapsulation of DOX into the hy-

drophobic domain of the micelles self-assembled by T. Interest-

ingly, the ζ-potential of DOX encapsulated micelles was reduced 

to +10.0 mV (Fig.2a), which allowed two molecular template T to 

work together for the amplification of 8mer in the NDcc/DOX li-

brary.      

    As the 8mer  2T complex was amphiphilic, it might have been 

able to form higher-order aggregates under physiological condi-

tions. Its aggregation behavior was studied using TEM. We ob-

served nanorods with a mean dimension of 25 nm × 250 nm in

 Figure 2. (a) Zeta potential of a solution of only the template T (0.94 mM, pH 7.4) and a clear solution from the mixture of the template T (0.94 mM) and DOX (target 

concentration: 0.87 mM, pH 7.4); TEM micrographs of nanostructures from the (b) NDcc/DOX and (c) NDcc library. (d) Screening the ratios of building block BB and 

template T for the optimal drug-loading contents. (e) Visual comparison photos between NDcc/DOX library (left) and DOX alone (right) at pH 7.4. (f) Visual comparison 

pictures of NDcc/DOX nanorods (diluted 30 times) with addition of GSH 5 mM (left) at pH 7.4 (middle) and pH 5.8 (right). (g) Time course of DOX released from nanorods 

of the NDcc/DOX library at pH 5.8, pH 7.4, GSH 5 μM and GSH 5 mM at 37 °C. 



fully oxidized NDcc/DOX libraries (Fig. 2b). Previous studies sug-

gested that such a high aspect ratio may be particularly beneficial 

for drug delivery in cancer therapy, because this prevents the ex-

cretion of the drug by the kidneys and its sequestration in the 

spleen. In addition, due to their anisotropic properties, rod-

shaped nanoparticles enhance internalization efficiency com-

pared to spherical nanoparticles.[21-23] However, the size and 

morphology of nanostructures in the NDcc library varied. Without 

the introduction of DOX, aggregates in the NDcc library had a 

network structure (Fig. 2c). To understand how the three mole-

cules were packed into nanorods, we analysed the HPLC spectra 

again. The Fig. 1(d) revealed that there were only peaks of the 

template T, the drug molecule DOX and 8mer. No additional 

peaks were observed, suggesting that the DOX did not covalently 

reacted with neither the template T nor the building block BB. 

Thus, the DOX should be physically encapsulated into the nano-

rods. The comparison between Fig.1(a) and Fig.1(b) indicated 

that DOX did not amplify any library species, so it did not bind 

with any disulfide macrocycles. Thereby, considering DOX is hy-

drophobic at pH 7.4, it should associate with the hydrophobic tails 

of the template T. Then, we checked the 1H NMR spectrum of the 

sample prepared from DOX (1 mM), the 8mer (0.2 mM) and the 

template T (1 mM) (Fig. S10).  The signal peaks of DOX were 

almost shielded and could not be clearly observed. This shielding 

effect suggested that DOX molecules were encapsulated in the 

inner part of the nanorods. The TEM analysis of the NDcc/DOX 

library (Fig. 2b) did not show any micelles self-assembled by 

solely template T. Furthermore, the overall concentration (0.94 

mM) of the template T was higher than that (0.47 mM) involved 

in the binding with 8mer (0.24 mM) in the library. These results 

showed that the poorly water-soluble DOX was within the hydro-

phobic space co-assembled by 8mer  2T complex and un-com-

plexed template T. The co-self-assembly was mainly driven by 

hydrophobic interactions of alkyl chains of the un-complexed 

template T and the 8mer  2T complex, which induced a pre-

ferred or spontaneous curvature of nanorods. Detailed molecular 

packing has been shown in the Scheme 1.   

Figure 3. NDcc/DOX nanorods show enhanced antiproliferation efficiency via rapid, effective cellular uptake and inhibition of drug efflux. The antiproliferative activity of 

free DOX and NDcc/DOX nanorods on (a) drug-sensitive breast cancer MCF-7S cells and (b) drug-resistant NCI/RES-ADR cells were measured by cell counting kit-8 

(CCK-8) assay. (c) The IC50 values of free DOX and NDcc/DOX nanorods were estimated and shown in this table. (d) The cellular uptake in drug-resistant NCI/RES-

ADR cells was quantified using flow cytometry after treatment with free DOX (Cdox = 7.5 μM) and NDcc/DOX (Cdox = 7.5 μM) at 1 h, 2 h and 4 h. (e) The cellular uptake in 

drug-resistant NCI/RES-ADR cells was quantified using flow cytometry after treatment with free DOX (Cdox = 15 μM) and NDcc/DOX (Cdox = 15 μM) at 1 h, 2 h and 4 h. (f) 

The cellular uptake was imaged using confocal microscope following treatment with free DOX (Cdox = 15 μM) and NDcc/DOX (Cdox = 15 μM) at 8 h in NCI/RES-ADR cells. 

(Scale bar: 4 μm.) (g) The enlarge part of the white square in the cellular uptake image (f). 



We continue to optimize the library condition for a maximum 

drug-loading content by changing the molar ratio among the 

building block BB, template T and DOX. Experimental details 

have been shown on page S2 of the Supporting Information. The 

maximum drug-loading capacity could be attained up to 40.1% 

and the corresponding encapsulation efficiency value was 94.2% 

(Fig. 2c). This high drug-loading content was primarily due to the 

spontaneous and highly selective synthesis of the 8mer driven by 

the co-self-assembly process. The self-synthesis of the right 

macrocycle could further adjust the size of the hydrophobic 

space to accommodate considerable drug payloads.  

Altogether, the morphology, long-term stability and the high 

drug-loading capacity of the self-synthesizing nanorod sug-

gested that it could be an ideal nanomaterial for efficient drug 

delivery. 

Nanocarriers for cancer therapy must control the release pro-

file of the therapeutic agent at tumour lesions. Changing the mi-

croenvironment within and outside cancer cells could trigger the 

responsiveness of nanocarriers to release drug molecules at tu-

mour sites. Tumour lesions are usually more acidic (pH 5.5) than 

normal tissues due to the presence of excessive lactic acid and 

CO2 as metabolites in a hypoxic microenvironment.[21] In addition, 

the concentration of glutathione (GSH) inside cancer cells (higher 

than 5 mM) is much higher than that in extracellular matrices (ap-

proximately 5 µM) at tumour sites.[22] These pH and redox condi-

tions could control drug release from NDcc/DOX nanorods. Fur-

ther investigation of the dual-responsiveness of the nanomateri-

als has been shown below.  

As shown in Fig. 2e, NDcc/DOX nanorods in the pH 7.4 PBS 

buffer was a clear red solution, while the same amounts of DOX 

in the nanorods could not be dissolved well. To have a better 

visual observation, the nanorod solution (pH 7.4) was diluted 30 

times and it appeared pink (Fig. 2f). With the introduction of GSH 

5 mM or the adjustment of pH from 7.4 to 5.8, the solution turned 

orange (Fig. 2f) and the fluorescence intensity of the typical DOX 

peak increased over time (Fig. S11), indicating that DOX was re-

leased. Moreover, a gradual release of DOX was monitored by 

using HPLC under acidic conditions (pH 5.8) in vitro. Cumula-

tively, about 60% of the total DOX molecules in the nanorods 

were released in the first 30 h at pH 5.8, while there was a cumu-

lative leakage of less than 5% within the same time period at pH 

7.4 (Fig. 2g). Under physiological conditions, the carboxylic acid 

groups of the 8mer were deprotonated, which created an electro-

static interaction with the positive charge of the template T, keep-

ing the nanostructure stable. When the pH became acidic (pH 

5.8), the carboxylate anions of the 8mer were protonated again 

and the electrostatic interaction weakened, making the entire 

nano-entity fragile, which resulted in the release of the drug. The 

loaded amine-bearing DOX was more positively charged at pH 

5.8 than at pH 7.4, which contributed to extra electrostatic repul-

sion between the drug DOX and the template T, further promot-

ing drug release.  

NDcc/DOX nanorods were reduction responsive. As shown in 

Fig. 2g, in vitro DOX release experiments revealed that drug re-

lease from nanorods at CGSH 5 mM was more rapid and efficient 

than that at CGSH 5 µM. A cumulative release of approximately 

20% of DOX molecules was observed in the presence of 5 μM 

GSH after incubating for 30 h, suggesting that minimal drug leak-

age would occur during blood circulation. Upon incubation for 2.5 

h in the presence of 5 mM GSH, a cumulative drug release of 

100% was achieved. These acid- and reduction- responsive drug 

release features endowed self-synthesizing nanorods with a pref-

erential drug release profile, allowing them to release drug mole-

cules at the tumour site rather than in normal tissues under phys-

iological conditions. 

After establishing the favourable drug release profile of 

NDcc/DOX nanorods, we evaluated their anti-proliferation effi-

ciency in two types of cancer cell lines, MCF-7S DOX-sensitive 

human breast cancer cells and NCI/RES-ADR DOX-resistant hu-

man ovarian cancer cells.[24] As shown in Fig. 3a-c, the IC50 value 

of free DOX for NCI/RES-ADR cells was 100 μM while that for 

MCF-7S cells was only 4.4 μM. Such a strong resistance to DOX 

was attributed to the over-expression of P-glycoprotein (P-gp) by 

NCI/RES-ADR cells, as the P-gp pumped DOX molecules out of 

cancer cells.[25] DOX resistance could be overcome by nanocar-

riers that inhibit P-gp efflux and deplete adenosine triphosphate 

(ATP).[26] The IC50 value of NDcc/DOX nanorods for NCI/RES-

ADR cells was 10 μM, suggesting a 10-fold toxicity of free DOX 

(Fig. 3c). NDcc/DOX nanorods could kill MCF-7S cancer cells 

even more efficiently by showing a lower IC50 value (1.1 μM). 

These results demonstrated that NDcc/DOX nanorods were con-

siderably more efficient than free DOX in improving cell antipro-

liferation in both drug-sensitive and drug-resistant cell lines. 

To understand the mechanism underlying the enhanced prolif-

eration inhibition of NDcc/DOX nanorods, their cellular uptake 

was inspected in MCF-7S and NCI/RES-ADR cells using flow cy-

tometry analysis. The drug uptake efficiencies of NCI/RES-ADR 

cells were approximately 10% and 25% when incubated with free 

DOX 7.5 μM and 15 μM for 4 h, respectively (Fig. 3d, Fig. 3e). In 

contrast, drug uptake was almost 100% after incubation for 2 h 

with NDcc/DOX nanorods (15 μM) (Fig. 3e), which suggested 

that DOX-loaded nanorods promoted the cellular internalization 

and accumulation of DOX in a time- and dose-dependent manner 

(Fig. 3d, Fig. 3e, Fig. 3f, Fig. S12a and Fig. S12b). The enhanced 

cellular uptake of NDcc/DOX nanorods in NCI/RES-ADR cells 

was confirmed by confocal laser scanning microscopy (Fig. 3f, 

Fig. 3g and Fig. S12b). When free DOX was used, red fluores-

cence was barely observable in the cytosol; it was not concen-

trated in the nuclei and did not induce cytotoxicity. In contrast, 

after NCI/RES-ADR cells incubated with NDcc/DOX nanorods for 

8 hours, red fluorescence had partly and effectively entered the 

nuclei, which was pink (Fig. 3f and 3g: yellow arrows). This meant 

that DOX molecules had been delivered to the target, leading to 

concrete anticancer activity. These data suggested that 

NDcc/DOX nanorods could be internalized by drug-resistant and 

drug-sensitive cancer cells. 

Next, NCI/RES-ADR cells were used in the study of subcellular 

localization, which showed that DOX fluorescence was partly co-

localized with lysosomes. This was expected due to NDcc/DOX 

nanorods’ propensity to uptake via endocytosis processes. As 

shown in Fig. S13, DOX red fluorescence was also observable in 

the cytosol, indicating that DOX escaped from the lysosomes and 

was successfully delivered to the cytoplasm. We attributed this 

to the acidic environment of lysosomes. Due to the previously 



demonstrated acid- and reduction-responsiveness of NDcc/DOX 

nanorods, drug release may be promoted when it enters cells 

mainly via endocytosis. Additionally, the red fluorescence of free 

DOX was barely observable in the cytosol, and there was no co-

localization with lysosomes. Collectively, these results further 

confirmed the significantly enhanced antitumor potency of 

NDcc/DOX nanorods in NCI/RES-ADR cells via increased intra-

cellular drug delivery and drug-DNA interactions.  

Together, these results clearly demonstrated that NDcc/DOX 

nanorods were much more effective than free DOX in enhancing 

anti-proliferation efficiency in DOX-resistant NCI/RES-ADR cells, 

ultimately leading to apoptosis-induced anticancer activity (Fig. 

S14).  

NDcc/DOX nanorods overcame DOX resistance of NCI/RES-

ADR cancer cells due to their superior transport capactiy. This 

encouraged us to evaluate their hemolytic toxicity for future ther-

apeutic applications. Neither the template T, the building block 

BB nor the 8mer caused any noteworthy hemolytic toxicity at low 

Figure 4. NDcc nanorods enhanced the DOX delivery in vivo with marginal effect on cardiovascular and blood hemolysis. (a) No hemolytic effect was observed with red 

blood cells after treated with the 8mer at varying concentrations from 2.5 to 30 μM, using water as a positive control and PBS buffer as a negative control. (b) Visualized 

tumor size and tumor growth curves after treating PBS (model), DOX and NDcc-DOX. (c) Animal body weight changes of the control, model, DOX, and NDcc-DOX group 

(control group: mice without implanted tumors). (d) H&E staining of major organs which were collected on Day 23. Scale bar, 100 µm. 



concentrations (no higher than 10 μM). At higher concentrations, 

the 8mer still had good blood compatibility, as its hemolysis rate 

was 4.87% when its concentration was 30 μM. However, the tem-

plate T (30 μM) presented obvious hemolytic toxicity with a he-

molysis rate of 39.94% (Fig. 4a). These findings indicated that 

the hemolytic toxicity of the template T could be remarkably re-

duced by the 8mer and NDcc/DOX nanorods should be safe 

enough for further anti-tumour evaluation in vivo.  

The anti-tumour effect of NDcc/DOX was further confirmed and 

clarified by a study of the NCI/RES-ADR xenografts model. 

NCI/RES-ADR cells were injected into the right armpit of BALB/c-

nu mice (n=6). Mice were treated four times with DOX, 

NDcc/DOX and PBS buffer separately from day 10, and their 

body weight and the volume of tumour were measured every 2 

days. As Fig. 4b shows, free DOX treatment did not inhibit tumour 

growth in comparison to the effect of treatment in the model 

group (tumour animals only treated normal saline). However, 

NDcc/DOX significantly enhanced anti-cancer efficacy (P<0.05). 

In the nanorod group, the average volume of tumours was 

0.38±0.17 times that of tumours in the model group, and two tu-

mours disappeared. In addition, in the model group and the group 

treated only with DOX, animals showed a small amount of body 

weight loss. In comparison, the weight of mice in NDcc/DOX 

group was very similar to that in the control group comprising 

mice without implanted tumours, which increased slightly since 

the drug treatment day (Fig. 4c). 

We investigated the systemic toxicity of NDcc/DOX towards 

cancer cells in BALB/c-nu mice (n=6) using hematoxylin and eo-

sin (H&E) stain. We found a minor elevation of leukocyte infiltra-

tion in the alveolar areas of the lung in the group treated only with 

free DOX. In the heart, the arrangement of myocardial fibres in 

the vertical and horizontal lines became disordered and even dis-

appeared, which was likely due to the well-known cardiotoxicity 

of DOX. In comparison, the hearts of mice in the NDcc/DOX 

group showed clear and well-dispersed cardiomyocytes, indicat-

ing that NDcc/DOX likely reduced the toxicity of DOX. No patho-

logical changes were observed in any other organs (Fig. 4d). 

Conclusions 

In summary, we employed DCC to explore a self-synthesizing 

nanomaterial for anti-tumour drug delivery. This strategy has 

been demonstrated by an example of a thiol-disulfide exchange 

based DCL. Under the direction of a pyridinium cation template 

T and a hydrophobic drug molecule DOX, a classical dithiol build-

ing block BB with a carboxylic acid group was quantitatively oxi-

dized into a disulfide-linked macrocycle 8mer. Generally, large-

sized macrocycles are entropy unfavourable. Thus, the 3mer and 

4mer predominated in a library prepared only from the BB. Un-

expectedly, macrocycles increased in size to 8mer under ther-

modynamic control. Two molecules of the template T were inclu-

sive in the hydrophobic cavity of the 8mer with the formation of 

an amphiphilic complex. The complex could further self-assem-

ble into nanorods with the encapsulation of DOX in their hydro-

phobic domains. Such down-hill self-assembly could shift the 

equilibrium and be beneficial for the synthesis of 8mer, maximiz-

ing the DOX loading content to 40.1% of the resulting nanorods. 

As the self-assembly directed the synthesis of the right self-as-

sembling molecules, the two steps were integrated into a single 

step. Thus, this self-synthesizing strategy was a convenient and 

cost-effective way to explore ideal nanorods for drug delivery. 

The loaded drug could be preferentially released by dual-stimuli 

(acid and GSH) responsiveness in vitro at conditions like those 

found at tumour lesions. Compared with free DOX, nanorods 

showed rapid and effective intracellular delivery of DOX. The 

thermodynamically oriented self-synthesizing nanorods also 

killed DOX resistant cancer cells. The powerful ability of nano-

rods to fight drug-resistance cancer was further confirmed in vitro 

and in vivo. Given these encouraging results, we believe that a 

systems chemistry-based strategy may be a promising tool for 

spatiotemporal control of drug delivery in vivo, eventually becom-

ing a therapeutic entity in cancer treatment. 
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Dynamic combinatorial chemistry was employed to explore an ideal carrier molecule for anti-cancer drug delivery. Driven by thermo-

dynamics, the carrier molecule was quantitatively yielded by its co-self-assembly with a template and a drug doxorubicin (DOX). The 

self-assembled nanocarrier with a drug-loading content of 40% was stable yet pH- and redox- responsive and could enhance drug 

potency and eliminate DOX-resistant cancer in vivo in 13 days. 
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