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Disulfiram  (DSF)  is  currently  tested  in several  clinical  trials  for  cancer  treatment  in  combination  with  cop-
per  (Cu)  ions.  Usually,  DSF  and Cu  are  administered  in  two  separate  formulations.  In the  body,  DSF  and
Cu  ions  form  diethyldithiocarbamate  copper  complex  [Cu(DDC)2]  which  has  potent  antitumor  activities.
However,  the “two  formulation”  approach  often  achieved  low  Cu(DDC)2 concentration  at  tumor  regions
and  resulted  in  compromised  anticancer  efficacy.  Therefore,  preformed  Cu(DDC)2 complex  administered
in  a single  formulation  will  have  better  anticancer  efficacy.  However,  the  poor  aqueous  solubility  of
Cu(DDC)2 is a significant  challenge  for  its  clinical  use.  In this  work,  a biomimetic  nanoparticle  formu-
lation  of Cu(DDC)2 was  produced  with  a novel  SMILE  (Stabilized  Metal  Ion  Ligand  complex)  method
developed  in  our  laboratory  to address  the  drug  delivery  challenges.  The  Metal-organic  Nanoparticle
(MON)  is composed  of  Cu(DDC)2 metal-organic  complex  core and  surface  decorated  bovine  serum  albu-
min  (BSA).  Importantly,  we designed  a 3D-printed  microfluidic  device  to  further  improve  the  fabrication
of  BSA/Cu(DDC)2 MONs.  This  method  could  precisely  control  the MON  preparation  process  and  also  has
great  potential  for large  scale  production  of Cu(DDC)2 MON  formulations.  We  also  used  a  computational
modeling  approach  to simulate  the  MON  formation  process  in the microfluidic  device.  The  optimized

BSA/Cu(DDC)2 MONs  demonstrated  good  physicochemical  properties.  The  MONs  also showed  potent
antitumor  activities  in the breast  cancer  cell  monolayers  as well  as  the 3D-cultured  tumor  spheroids.  The
BSA/Cu(DDC)2 MONs  also  effectively  inhibited  the growth  of  tumors  in  an  orthotopic  4T1  breast  tumor
model.  This  current  study  provided  a  novel  method  to prepare  a  biomimetic  MON formulation  for  DSF/Cu
cancer  therapy.

©  2019  Elsevier  Ltd. All  rights  reserved.
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thiocarbamate (a DSF metabolite) could complex with

 and generate diethyldithiocarbamate copper [Cu(DDC)2]
a key player that accounts for the antitumor efficacy of
mbination therapy [4]. In many studies including clinical

 and Cu2+ were co-administered in separate formulations
nicaltrials.gov). DSF is rapidly metabolized and degraded
dy [3,5]. Therefore, co-administration of DSF and Cu2+ in
rate formulations usually yielded a very low concentration
ive ingredient, Cu(DDC)2, in the tumor region and resulted
arginal anticancer efficacy. Therefore, the delivery of pre-

u(DDC)2 in a single formulation is a more effective method
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ancer efficacy [6].
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ver, the poor aqueous solubility of Cu(DDC)2 complex
 formidable hurdle for its clinical use. Several different
icine formulations (e.g., solid nanoparticle, liposome, and
ere used to deliver Cu(DDC)2 and achieved improved effi-
]. Yet, there still are some challenges to be overcome:
mplicated preparation processes are incompatible with

le production; and (2) many formulations only achieved
 concentrations and were hard to obtain the minimal drug
tion for clinical use. Due to the lack of appropriate formu-
e clinical application of this drug is very limited. There is
ed for developing a formulation that is suitable for clinical

 previous study, we developed a Stabilized Metal Ion
anocomplex (SMILE) technology to prepare Cu(DDC)2
anic nanoparticles (MONs). And methoxy poly(ethylene
0-b-poly(l-lactide)5000 (PEG-PLA) was used as the stabi-
. The SMILE method can achieve superior yield and high
entration; requires a simple formulation and preparation
and has excellent formulation properties. In this work,
repare biomimetic albumin-decorated Cu(DDC)2 MONs
SMILE technology. In addition, we further improved the
chnology by using a 3D-printed microfluidic device for
ontinuous production of Cu(DDC)2 MONs. With the aid

crofluidic device, we could achieve precise control of the
rocess, easily scale up the preparation process for mass
n, and thus facilitate the clinical translation and future
ialization.

ials and methods

rials

hemicals and supplies used in this study were purchased
R  International (Radnor, USA). D-�-Tocopherol polyethy-
l 1000 succinate (TPGS) was ordered from Sigma-Aldrich

 without purification (St. Louis, USA). Cyanine5 NHS ester
ined from Dalian Meilun Biotechnology Co., Ltd (Dalian,

uction of Cu(DDC)2 MONs with the SMILE method

rtexing method
ortexing method of preparing Cu(DDC)2 MONs was

 in our previous paper [10]. Briefly, copper chloride
nd sodium diethyldithiocarbamatetrihydrate (DDC-Na)
olved with two BSA containing aqueous solutions, respec-
en, these two solutions were vigorously mixed by

 at a molar ratio of 2:1 (DDC-Na vs CuCl2). The Cu(DDC)2
med by DDC-Na and CuCl2 were stabilized by BSA. Large
ons were removed by centrifugation for 10 min  at 6700 g
wed by filtration with a 0.45 �m filter. The influence of

C-Na, and BSA concentration was extensively investi-

crofluidic device method
st prepared a microfluidic mixing device with a 3D printer

 The device was printed with a HICTOP Creality CR-10
r using PLA as the printing material. Then, the DDC-Na
nd CuCl2 solution were delivered into the mixing device
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rmination of particle size, zeta potential, and
gy

rticle size and zeta potential
article size and polydispersity index (PDI) were deter-
ith Malvern Nano ZS based on the dynamic light scattering

 MONs were diluted with water before measurement. The
ize and PDI were determined at 173-degree scattering
e zeta potential was also determined with the Malvern

nsmission Electron Microscope (TEM)
racterize the MONs with TEM, samples were first added

id and followed by uranyl acetate staining [12,13]. Then,
ere observed under a JEOL 2000EX Transmission Electron

pe (Tokyo, Japan).

rmine drug concentration and yield

oncentrations in NP formulations were determined with
is spectrophotometric assay. Briefly, formulations were

 in dimethylformamide (DMF). The concentration of
was  determined by the absorbance at 435 nm and cal-

ith the standard solution of Cu(DDC)2 dissolved in DMF.
 was calculated with this equation:

) = (Actual Drug Concentration /Theoretical

 Concentration) × 100% (1)

ility

ermine the influence of serum on stability, the MON  for-
s were mixed with fetal bovine serum (FBS) solution (10%

 incubated at a temperature of 37 ◦C. Then, at different time
e particle size and PDI were measured. To determine long-
age stability, the MON  formulations were stored at room
ure (25 ◦C) or refrigerator (4 ◦C). Cu(DDC)2 concentrations
ermined at different days.

eling of MON  formation process in the microfluidic

id within the microfluidic device is incompressible New-
id, and we  further assume that the fluid properties such

y and viscosity are constants and independent of the con-
n of the formed MONs. Under steady-state, the flow is

 by the Navier–Stokes equations and the continuity equa-

 = −∇p + ∇ · �(∇u + (∇u)T ), (2)

. (3)

ove, u is the fluid velocity, p is the fluid pressure, � and �
ctively, viscosity and density of the fluid.

oncentrations of the species, DDC-Na, CuCl2, and the
u(DDC)2 MONs are described by the time-dependent
n-diffusion-reaction equations:

∇ci = Di∇2ci + Ri, (4)
, Di and Ri are, respectively, the molar concentration, dif-
efficient, and rate of reaction of the ith species (i = 1 for
2 for CuCl2, and 3 for Cu(DDC)2). The reaction rates of the
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le chemical reactions 2 DDC-Na + CuCl2 → Cu(DDC)2 + 2
 given by:

 –R3 = –kc1c2, (5)

ate constant, k, determined based on the Arrhenius equa-

e steady-state Navier-Stokes equations, constant flow
.5, 1, and 2 mL/min, respectively, were imposed at the

s. Non-slip boundary condition (i.e., u = 0) was  imposed
lid microfluidic channel wall, and outflow with pressure

 applied at the outlet.
e time-dependent convection-diffusion equations, the
tions of CuCl2 and DDC-Na of the two  inlets were
L and 22 mmol/L, respectively, and the other rigid bound-
e non-flux boundaries. At the outlet, n · Di∇ci = 0 was
e concentration of the ith species. At time = 0, the ini-
ition for each species within the microfluidic channel

 concentration. In this study, we set the density � =
m3, dynamic viscosity � = 0.001 Pa · s, diffusion coeffi-

 ith (i = 1,2 and 3) species are, respectively, 1 × 10−9 m2/s,
2/s, and 1 × 10-10 m2/s. We  first solve the steady-

ier Stokes equations by using the commercial finite
package, Comsol (www.comsol.com), installed in a high-
nce cluster. With the known flow field, we solve the
endent convection-diffusion-reaction equations for the
tions of the species.

 assay

ouse breast cancer cells were obtained from the American
ure Collection (ATCC). The culture medium was Roswell
orial Institute (RPMI) 1640 containing 1% Antibiotic-

tic and 10% FBS. MD  Anderson-Metastatic Breast-231
-231) cells (ATCC) were cultured with a mixture of Ham’s
ium and Dulbecco’s Modified Eagle’s Medium (DMEM)

taining 1% Antibiotic-Antimycotic and 10% FBS. Cells were
in a humidified incubator with 5% CO2 at 37 ◦C.
t cytotoxicity, cells were seeded into a 96-well plate
ls/well) and incubated overnight to allow cells to attach
ate. Then, different test agents with various concentra-
e diluted with cell culture medium and added into wells
ell). At the end of treatment, cytotoxicity was  determined

,5-dimethyl-thiazol-2-yl)-2, 5-diphenyl tetrazolium bro-
T) assay [12,14–17]. The absorbance was  determined at

nd subtracted by the reference absorbance at 670 nm.  The
 equation was used to calculate the cell viability:

ility(%) = (ATest/Acontrol) × 100%

 Prism software was used to calculate the IC50.

in-AM/Propidium Iodide (PI) staining

ere added into a 96-well plate at a density of 10,000
l one night before experiment. Then, cells were treated

ith different formulations and followed by Calcein-AM
aining. The staining solution was prepared by diluting
M and PI stock solutions in pH 7.4 phosphate-buffered
S). Both dead cells with red fluorescence and viable cells
n fluorescence will be analyzed with the Cytation 5 Cell
ulti-Mode Reader.
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points. At
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ose gel (1% w/v). After 7 days of culture, spheroids were
ith various testing formulations for 72 h. The morphol-

heroids was  recorded with microscopy. The cytotoxicity
rmined with the Calcein-AM/Propidium Iodide (PI) stain-
od as well as CellTiter-Blue reagents (Promega). For the
M/Propidium Iodide (PI), tumor spheroids were incu-
h a staining solution containing PI (3�M) and Calcein-AM

 pH 7.4 phosphate-buffered saline (PBS) at 37 ◦C for
oth dead cells with red fluorescence and viable cells with
orescence will be analyzed with the Cytation 5 Cell Imag-
i-Mode Reader. For the CellTiter-Blue reagent assay, the
Blue reagents were mixed with treated tumor spheroids
bated for 24 h. At the end of incubation, the fluores-
ensity was  determined with the Cytation 5 Cell Imaging
de Reader (EX560 nm and EM590 nm). To determine pen-

ability of the nanoparticles in tumor spheroids, cyanine
abeled BSA Cu(DDC)2 MONs were synthesized as previ-
orted [7] and incubated with tumor spheroids for 3 h at
the end of incubation, spheroids were then rinsed with

 times and analyzed with confocal microscopy (TCS-SP8,
rmany).

uld healing study

1 or MDA-MB-231 cells were seeded at a 96-well plate at
 of 10,000 cells/well and cultured at 37 ◦C overnight before
tch on the cell monolayer was created with a 10 �L pipette
, cells were treated with different formulations for 18 h.
ation distance was determined by comparing the scratch
the end of treatment with the initial scratch width.

ivo orthotopic breast tumor model, biodistribution, and
r  efficacy study

 mice (female, 4 weeks) were purchased from the Shang-
atory Animal Center (SLAC) Co., Ltd. (Shanghai, China).
ere housed at the SPF care facility under a 12 h light/dark

h distilled water and sterilized food pellets. Animal study
 were approved by the Institutional Animal Care and
mittee (IACUC) of SIMM and performed in accordance

 Guidelines for Care and Use of Laboratory Animals of
 Institute of Materia Medica (SIMM), Chinese Academy
es. The animal models with orthotopic breast tumors
blished by injecting 4T1 cells (1 × 106 cells) into the sec-
mary fat pad of the Balb/c mice [18]. Treatments were
when the tumors were reached an average volume of

3. Tumor size (mm3) = [width (mm)2 × length (mm)] ×
 were randomly divided into six groups (5 mice per group)
ived intravenous administration of Cu(DDC)2 solution
g 10% (2-Hydroxypropyl)-�-cyclodextrin  and 5% ethanol

 Cu(DDC)2), BSA Cu(DDC)2 MONs (1.5 mg/Kg Cu(DDC)2),
 Cu(DDC)2 MONs (3 mg/Kg Cu(DDC)2), and equivalent
SA, CuCl2 aqueous solution, DDC-Na aqueous solution.

eived a total of three treatments on day 7, 10, and 13,
ely. Body weight and tumor volume were monitored and
. At the end of the experiment, the mice were euthanized
eight of collected tumors was  determined. For biodistri-

udies, the orthotopic 4T1 tumor-bearing BALB/c female
e injected with Cy5-conjugated BSA Cu(DDC)2 MONs via
in. Then, in vivo imaging was conducted using an IVIS sys-

per PerkinElmer, Hopkinton, USA) at predetermined time

 the experimental endpoint, the mice were sacrificed, and
rs and major organs were harvested for ex vivo imaging.
ation wavelength was  set at 640 nm, and the emission
th at 680 nm.
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aration and physicochemical characterization of
MONs

r previous study, we developed SMILE technology to
Cu(DDC)2 MONs with different amphiphilic molecules

 methoxy poly(ethylene glycol) 5000 -b-poly(L-lactide)
EG-PLA), TPGS, and 1, 2-distearoyl-sn-glycerol-3-
thanolamine-poly(ethylene glycol) 2000 (DSPE-PEG).

rrent study, BSA was explored as a stabilizer to prepare
tic Cu(DDC)2 MONs with the same SMILE method. Of

 decorated albumin can also serve as a targeting ligand
with albumin-binding proteins (e.g., SPARC) that are
essed in the tumor cells [7,8,19–21]. When Cu2+ (a metal
mixed DDC− (an organic ligand), they formed insoluble
metal-organic complex. The DDC- and Cu2+ form com-

mole ratio of 2:1 (Fig. 1A). BSA could effectively stabilize
u formed Cu(DDC)2 MONs and prevent the formation of
regations. The formation of Cu(DDC)2 was  confirmed by
arance of a specific peak at 435 nm.  At the same time, a
eak for DDC-Na at around 375 nm disappeared (Fig. 1C).
DC)2 MONs have a dark brown color which was due to

 of Cu(DDC)2 complex, while both DDC- and Cu2+ were
nt without any obvious color (Fig. 1B). The formation

 was further confirmed by determining particle size
amic light scattering and TEM. The particle size of BSA
MONs was around 63 nm while the particle size of free

cule was around 3 nm (Fig. 1E). Both of them have similar
zeta potentials (Fig. 1D). The TEM results also confirmed
hology and size of BSA Cu(DDC)2 MONs, which was
t with the particle size determined with the dynamic
tering (Fig. 1F).
imize the formulation, we produced BSA Cu(DDC)2 MONs
erent BSA concentrations and theoretical drug concen-
The yield and actual drug concentration of these MON
ons were determined (Fig. 2A & B, Tables S1 & S2). At
etical drug concentration of 0.5 mg/mL, we  could suc-
produce Cu(DDC)2 MONs with BSA at the concentration
% to 4%. The yield was around 100% in all groups and
g concentration was around 0.5 mg/mL. At the theoretical
entration of 1 mg/mL, we could also successfully produce
MONs with BSA at the concentration from 0.5% to 4% with
around 100% and actual drug concentration about

 The yield was reduced to around 83% when the BSA
tion was 0.1%. At the theoretical drug concentration of

 Cu(DDC)2 MONs could be prepared at BSA concentration
 and 4%, respectively. The yield was above 90% and actual
centration was around 2 mg/mL. The yield was reduced
nd 29% when BSA concentration was 0.1% and 0.5%. In
, BSA is an excellent stabilizer for preparing Cu(DDC)2
e yield was dependent on the concentration of BSA and
. We  could successfully prepare MONs at a wide range
C)2 concentrations at high concentration of BSA. When
oncentration was low, we could only prepare MONs at
DC)2 concentrations. We  also determined the particle

 PDI of Cu(DDC)2 MONs prepared with different BSA con-
ns and theoretical drug concentrations (Fig. S2 A & B,
S4). We  could successfully prepare Cu(DDC)2 MONs with

 than 100 nm at most of the tested conditions. Both the
theoretical concentration and BSA concentration showed
t influence on particle size. When the theoretical drug
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rug concentration of 1 mg/mL  or 2 mg/mL, the particle
ased first and then slightly increased with the increase of

entration. The smallest particle size of these two groups
eved at BSA concentration of 1%. Based on these results,
ed to use theoretical drug concentration 2 mg/mL  and 1%
e condition to prepare BSA Cu(DDC)2 MONs in our studies
herwise specified. The MONs will be prepared with DDC-
on [0.011 mmol/mL  DDC-Na and 1% (w/v) BSA] and CuCl2
[0.022 mmol/mL  CuCl2 and 1% (w/v) BSA].
ortex mixing method is a convenient approach to pro-
DDC)2 MONs at a small scale in the research laboratory. A
le production method is needed for clinical translation or
ialization. Therefore, we  developed a microfluidic device
e Cu(DDC)2 MONs. This method could improve the mix-
ss and could be scaled up to produce MONs on a large

this study, we  used a microfluidic device to produce BSA
MONs (Fig. 3A). The microfluidic device was fabricated

 printer. Our results showed that this microfluidic device
cessfully produce MONs at the theoretical drug concen-

f 2 mg/mL  and 1% of BSA as the stabilizer. The effects of
 on BSA Cu(DDC)2 MON  drug concentration and particle

 investigated (Fig. 3B&C). The flow rate had a significant
 on final drug concentration and drug loading efficacy of

MONs. When the flow rate increased from 0.5 mL/min
in, the drug concentration in the MONs increased from

L  to 1.9 mg/mL  and the yield increased from 66% to 95%.
ase in flow rate might lead to a better mixing process,
cient MON  formation, and thus a higher drug concentra-
yield. MONs prepared under different flow rate showed
article sizes (around 65 nm)  and PDI values (around 0.2).
timized condition, Cu(DDC)2 MONs prepared with the

dic device showed a similar drug concentration and par-
as those prepared with the vortex method with the same
ion. (i.e., 1% BSA, 2 mg/mL  Cu(DDC)2 theoretical concen-
To further understand the mixing and MON  formation
a computational modeling approach was used to simu-
rocess. The simulation results also revealed the influence

ate on Cu(DDC)2 MON  concentrations and demonstrated
rrelation with the experimental data (Fig. 3D). Accord-

e simulation data, the concentration of Cu(DDC)2 MONs
 with increased flow rate from 0.5 ml/min to 2 ml/min.
concentration of MONs increased during the mixing pro-
n the reaction mixture was moving forward in the channel
crofluidic mixing device (Fig. 3D).
edict the in vivo stability of Cu(DDC)2 MONs, we incu-

N  formulations with serum and determined the change
e size. We tested the stability of three formulations: 1)
u(DDC)2 MONs prepared with the vortex method, 2) the
DC)2 MONs prepared with the microfluidic device, and
GS/Cu(DDC)2 MONs prepared with the vortex method

 The BSA/Cu(DDC)2 MONs showed almost no significant
 particle size during the incubation with serum for up to

cating its excellent stability. In addition, the BSA/Cu(DDC)2
epared with the vortexing method demonstrated a similar

erformance. In contrast, the TPGS/Cu(DDC)2 MONs were
le than the BSA/Cu(DDC)2 MONs, showing a significant
in particle size after 5 h of incubation.
ng-term storage stability of different MON  formulations
m temperature (25 ◦C) and in the refrigerator (4 ◦C) were
rmined. When kept at the room temperature, a signifi-
unt of precipitation was observed in the TPGS/Cu(DDC)2
up and the drug concentration was also declined dramat-

hin one week. In contrast, the BSA/Cu(DDC)2 MON  groups
xcellent storage stability. No obvious precipitation or a
t decrease in drug concentration was observed for over

(Fig. 4B). When stored at 4 ◦C, the BSA/Cu(DDC)2 MON
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Fig. 3. Production of BSA Cu(DDC)2 MONs with a microfluidic device. (A) Schematic illustration to show the preparation of BSA Cu(DDC)2 MONs. The effects of flow rate on
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Fig. 4. Stability of Cu(DDC)2 MONs. (A) MONs prepared with different methods were treated with 10% serum. Particle size was determined at different time points. Stability
of  Cu(DDC)2 MONs at 25 ◦C (B) and 4 ◦C (C). Cu(DDC)2 concentration was  determined at different days. Results are the mean ± SD (n = 3).

Fig. 5. MTT  assay. (A) MDA-MB-231 and (B) 4T1 cells were treated with different formulations for 48 h and analyzed with the MTT  assay. Results are the mean ± SD (n = 4).

Fig. 6. Calcein-AM/PI staining. (A) 4T1 cells were treated with BSA Cu(DDC)2 MONs for 18 h. (B) MDA-MB-231 were treated with BSA Cu(DDC)2 MONs for 48 h. Then, cells
were stained with Calcein-AM (green) and PI (red) at the end of drug treatment.
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Fig. 7. Effects of BSA Cu(DDC)2 MONs on 4T1 cell tumor spheroids. Tumor spheroids were treated with CuCl2 (1�M),  DDC-Na (2�M),  and BSA Cu(DDC)2 MONs (1�M) for
72 h. At the end of treatment, tumor spheroids were analyzed with (A) Calcein-AM/PI staining, and (B) CellTiter-Blue Cell Viability Assay. Results are the mean ± SD (n = 3).
***,  P < 0.001, and **, P < 0.01.
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Fig. 10. In vivo anticancer studies. (A) Change of tumor volume in 4T1 tumor-bearing mice received intravenous injection of different formulation (**, P < 0.01, 3 mg/kg BSA
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