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T
heprimary focusofmoderncancerdrug
discovery has largely relied on target
andcombination-based therapy.1�3De-

spite improvements in treatment outcomes
through angiogenic inhibition, antiprolifera-
tion, and other targets, issues related to drug
resistance, patient toxicity, and suboptimal
efficacy persist.4 Drug resistance is a key chal-
lenge that inevitably limits the efficacy of
targeted therapy and arises from the innate
characteristics of the network of signaling
pathways that behaves as a complex system.

A number of biology system studies have
shown that cellular pathways form complex
networks and that their collective dynamics
drive phenotypic outcomes.5�10 Importantly,
networkdynamics cannot simply be explained
by behavior of an individual component, and
as such, therapeutically addressing several
elements of a diseased network is important
but difficult to optimize at present. Therefore,
multi-drug-resistant cancer is one resulting
example of a complex system characterized
by system robustness, redundant pathways,
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ABSTRACT Combination chemotherapy can mediate drug synergy to improve

treatment efficacy against a broad spectrum of cancers. However, conventional

multidrug regimens are often additively determined, which have long been

believed to enable good cancer-killing efficiency but are insufficient to address the

nonlinearity in dosing. Despite improved clinical outcomes by combination

treatment, multi-objective combination optimization, which takes into account

tumor heterogeneity and balance of efficacy and toxicity, remains challenging

given the sheer magnitude of the combinatorial dosing space. To enhance the

properties of the therapeutic agents, the field of nanomedicine has realized novel drug delivery platforms that can enhance therapeutic efficacy and safety.

However, optimal combination design that incorporates nanomedicine agents still faces the same hurdles as unmodified drug administration. The work

reported here applied a powerful phenotypically driven platform, termed feedback system control (FSC), that systematically and rapidly converges upon a

combination consisting of three nanodiamond-modified drugs and one unmodified drug that is simultaneously optimized for efficacy against multiple

breast cancer cell lines and safety against multiple control cell lines. Specifically, the therapeutic window achieved from an optimally efficacious and safe

nanomedicine combination was markedly higher compared to that of an optimized unmodified drug combination and nanodiamond monotherapy or

unmodified drug administration. The phenotypically driven foundation of FSC implementation does not require any cellular signaling pathway data and

innately accounts for population heterogeneity and nonlinear biological processes. Therefore, FSC is a broadly applicable platform for both

nanotechnology-modified and unmodified therapeutic optimizations that represent a promising path toward phenotypic personalized medicine.
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cross-talk, antitarget, counter target activity, as well as
compensatory and neutralizing actions.11�16 These
complex interactions often render targeted treatment
ineffective in the long run.
To address these and other challenges associated

with drug-resistant cancer treatment, combination ther-
apy may enhance the systematic modulation of cellular
pathways,17 reducing the likelihood of relapse18 and
showing higher selectivity against cancer cells over
healthy cells.2,17 As such, combination therapy is the
clinical standard for multiple cancer treatment regi-
mens.19�24 However, conventional multidrug regimens
are often additively determined where in vitro and pre-
clinically efficacious doses are combined andmultiplied
by a scaling factor for clinical administration. In addition,
combinatorial chemotherapy regimens are often added
near the maximum tolerated doses, which has been a
practice for ensuring cancer-killing efficiency. Despite
improvements in clinical outcomes observed following
the advent of combination treatment, the multi-end-
point optimization of combinatorial therapy is a challeng-
ing target given the sheer magnitude of parametric
space when considering patient heterogeneity and
other factors.
Outside of formulating regimens to deliver multiple

drugs to improve treatment outcomes, modifying the
drugs themselves to overcome drug resistance and
reduce toxicity has been a key focus of the nanomed-
icine field and resulted in promising findings.25�45

These approaches resulted in improved intratumoral
drug retention, decreased side effects, and improved
pharmacokinetic profiles. Therefore, incorporating
nanomodified therapies into drug combinations
may enable even further enhanced treatment out-
comes.

With regards to conventional strategies to improve
combination drug dosing, it has long been known
that the optimal intervention of drug combinations is
dosage-dependent and characterized by therapeutic
synergism, additivity, or antagonism. Loewe additi-
vity,46 Chou�Talalay methods,47 and Bliss indepen-
dence method48 have found utility associated with
combination dosing in single enzyme scenarios and
were able to examine the nonlinearity of drug�drug
interactions. However, a universally applicable plat-
form that operates within the framework of systems-
level response and simultaneously addresses the link-
age between input stimuli and phenotypic variation
across the cellular, tissue, and organism level has not
yet been realized. To address this limitation, we have
developed the feedback system control (FSC) platform
which systematically utilizes three stages to achieve
globally optimized combinatorial design. During the
past few years, the first generation of FSC (FSC.I) was
developed as an iterative feedback search scheme,
where 10�20 iterative loops were capable of rapidly
identifying optimal combinations from one million
or more possible combinations.49�59 Based on the
experimental data obtained via FSC.I, the drug effi-
cacy/dose�response was discovered to be repre-
sented by smooth quadratic surfaces.51 The work
reported here, a powerful new platform termed FSC.
II, has demonstrated that this smooth surface can
be obtained without iterative feedback searches
and rapidly interrogated to easily identify the global
optimum for efficacy and safety with the most rapid
possible convergence rate.
The use of FSC.II to optimize combination nano-

medicine drug delivery can be described in three
stages (Figure 1). Stage 1 includes the design of the

Figure 1. Framework of feedback system control. Stage 1: Drug selection/design;doxorubicin (DOX), mitoxantrone (MTX),
and bleomycin (BLEO) were loaded onto nanodiamonds (NDs) by physisoprtion, forming stable and uniform colloidal
solutions, and combinations were designed. Latin hypercube sampling was applied on ND�DOX, ND�BLEO, ND�MTX, and
PAC to generate 57 combinations of diverse dosing regimens. Stage 2: The 57 combinations were applied to three types of
cancer and three types of control cells by customized liquid handling robotic procedures. The viabilitymeasurements of three
cancer cell lines and three control cell lines were fed into the informatics system. Stage 3: The informatics system generated
cellular response surfaces by regression analysis with the customized statistic model on the 57 combinations, which were
triplicated and generated in total 171 data points for each cell line. Global combinatorial optimization was carried out by
differential evolution on the surface of the therapeutic window. The predicted optimum and randomized combinations were
then experimentally verified to ensure mapping accuracy, and the verified global optimum was obtained for further
investigation.
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input stimuli, or drug-dosing regimen. Stage 2 is based
on the experimental screening of the phenotypic
response of the biological system(s) being interro-
gated, and stage 3 involves an algorithmically assisted
search and convergence toward a global optimum.
It should be pointed out that FSC.II is not a modeling
platform and is not a predictive approach. Instead,
it reconciles experimental findings to construct an
optimization profile to pinpoint the global maximum
in a deterministic fashion. In stage 1, many ways of
selecting drug�dose combinations can be used. Here,
we utilized Latin hypercube sampling, which allowed a
wide coverage of the concentration domain, to include
diversified drug combinations for initial response sur-
face construction.60 In stage 2, the efficacy and safety
of these combinations were assessed in three breast
cancer cell lines of varying resistance profiles (MDA-
MB-231, MCF7, and BT20) and three control cell lines
(breast fibroblast, MCF10A; lung fibroblast, IMR-90; and
cardiomyocyte, H9C2) using viability assays to con-
struct therapeutic windows. In stage 3, a responsemap
was then constructed by regression analysis using a
tailored dose�response model. The differential evolu-
tion optimization protocol61 subsequently converged
uponaglobal optimumdrugcombinationwithin a single
experiment, an improvement over prior FSC.I search
modalities which required approximately 10�20 itera-
tions (Figure 1).
While FSC is a broadly applicable platform that can

be applied toward both unmodified drugs and feasibly
all nanoparticle carriers, nanodiamonds (NDs) were
utilized as the drug delivery vehicles for this work
and were compared against systematically optimized
unmodified drug combinations to demonstrate the
broad applicability of FSC.II. NDs represent promising
platforms for cancer therapy because they have mark-
edly improved the efficacy and safety of treatment in
multiple preclinical studies. Furthermore, they are
scalable materials and capable of carrying a broad
spectrum of compounds.62�67 Important studies have
previously been carried out to describe the distribution
of chemical groups on the surface of theNDparticles as
well as their unique, facet-dependent electrostatic
properties.68�70 ND surfaces can be harnessed to
potently bind a broad range of small-molecule com-
pounds to form ND�drug aggregates that have re-
cently been shown to markedly enhance circulatory
half-life as well as efficacy and safety.41

The drug candidates for ND-mediated delivery were
selected due to multiple factors. For example, the NDs
were capable of potently binding DOX, MTX, and BLEO,
serving as an important parameter for comparison
studies between optimized ND�drug and unmodified
drug combinations. In addition, due to the selection of
drug-resistant cell lines as testing platforms for FSC.II
optimization, the drug compounds utilized served as
relevant inputs for this study. Unmodified paclitaxel

was selected due to its role as a cytoskeletal therapeu-
tic to complement the varying DNA-related mecha-
nisms of action mediated by DOX, MTX, and BLEO that
could be even further enhanced by ND modification.
Optimal combinations composed of three ND�drug

combinations including ND�doxorubicin (ND�DOX),
ND-nitoxantrone (ND�MTX), and ND�bleomycin
(ND�BLEO) as well as unmodified paclitaxel (PAC)
were shown to outperform randomly formulated com-
binations, combinations of unmodified compounds, as
well as both nanodiamond-modified and unmodified
single drug regimens. Rather than account for all of the
signaling pathway behavior and genotypic properties
of the biological system being addressed, the approach
reported here rationally reconciled biological pheno-
typic response to therapeutic perturbation. Using this
platform, we did not rely on complex modeling or
theoretical assumptions to predict a treatment out-
come. Rather, experimental validation of cellular out-
comes from drug intervention was directly used to
deterministically converge upon a multiparametric,
optimum drug combination. Therefore, the FSC.II plat-
form serves as an efficient route toward globally optimal
combination drug development.

RESULTS AND DISCUSSION

Nanodiamond�Drug Synthesis. In order to confirm the
presence of DOX, MTX, and BLEO on the NDs, Fourier
transform infrared spectroscopy (FTIR) spectra were
assessed by comparing the peaks of NDs, unmodified
drugs, and ND�drugs (Figure 2A). In the spectral
region of 1700 to 1800 cm�1, all ND�drugs contained
broad stretching vibrations of CdO from various car-
bonyl species formed on the ND surfaces, such as
ketone, ester, lactone, and carboxylic acid. The peak
at 1632 cm�1 represented the bending vibration of
O�H from adsorbed water on the NDs. In addition, the
vibrational spectra observed with each unmodified
drug and ND�drug complexes showed similar profiles
overall and identical vibrations in specific bands re-
lated to key functional groups of each drug molecule.
In addition, vibration bands at 780�850, 1560�1590,
1603�1616, and 1620�1650 cm�1 that were clearly
visible from the ND�drug samples were noticeably
absent in the ND-only samples. These peaks are in-
dicative of CdC�H out-of-plane bending vibrations,
with two peaks representing CdC stretching vibrations
and CdO stretching vibrations. Due to the interaction
between the NDs with benzene double bonds and
other π bonds, the CdO stretching vibration was
observed at a wavenumber lower than the usual
CdO stretching vibration.

Particle size comparisons between drug-loaded
and unmodified NDs were performed by dynamic light
scattering analysis. The hydrodynamic diameter of NDs
in water was 46.6( 0.17 nm (Figure 2B). Following drug
adsorption, the hydrodynamic diameters of ND�DOX,
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ND�MTX, and ND�BLEO were increased to 120.0 (
0.93, 109.2 ( 0.58, and 105.1 ( 0.53 nm, respectively,
confirmingND�drug interaction. Additionally, ζ-potential
measurements were performed (Figure 2B). While
the ζ-potential of NDs was observed to be 55.8 (
0.37 mV, the ζ-potentials of ND�drug complexes were
slightly reduced to 45.3 ( 0.51 (ND�DOX), 47.8 ( 0.66
(ND�MTX), and 52.0 ( 0.35 mV (ND�BLEO). Conclu-
sively, both ND and ND�drugs show a narrow size dis-
tribution and similar ζ-potentials in each sample, which
indicates good homogeneity of particles in media. These
are important properties in a scalable and translationally
relevant drug delivery system.

To determine the amount of drugs conjugated,
UV spectroscopy was studied as described in Materials
andMethods (Figure 2C). Wemeasured the absorbance
of the supernatants at 550 nm for DOX, 590 nm for MTX,
and 290 nm for BLEO and calculated the concentrations
of drugs bound to the NDs via a standard curve derived
by specific serial concentrations of drugs (Supporting
Information Figure S1). The loading efficiencies of
ND�DOX, ND�MTX, and ND�BLEO were 876 ( 2.8,
987 ( 1.0, and 329 ( 1.0 μg, respectively.

Feedback System Control Optimization of Nanodiamond
Combinations. The drug combination utilized for this
study was based on a panel of four drugs, including
three that were ND-modified: ND�DOX, ND�BLEO,
and ND�MTX, as well as one unmodified drug, PAC.
The dose�response curves of the panel of drugs were
constructed by conducting a nine-stage 2.5-fold serial
dilution on a panel of six cell lines, including three
cancer cell lines of varying levels of drug resistance,
MDA-MB-231, BT20, and MCF7, and three control cells,
MCF10A, H9C2, and IMR-90. The dose�response
curves were applied to determine the concentration
domain of each drug in each cell, which resided
between the maximum applicable concentration and
the no response concentration (cell death <5%). For
each drug, the final concentration domain was deter-
mined so that it covered the concentration domain of
all cell lines. The concentration of each drug was
discretized for FSC.II into seven dilution stages in log
scale to cover the specified range (Table S1). Latin
hypercube sampling generated 57 drug combinations
that consisted of different four-drug concentrations
from the panel of drugs (Table S2).60 The number of

Figure 2. Nanodiamond�drug synthesis and characterization. (A) FTIR spectra of (a) nanodiamond (ND), (b) doxorubicin
(DOX), (c) mitoxantrone (MTX), (d) bleomycin (BLEO), (e) ND�DOX, (f) ND�MTX, and (g) ND�BLEO. (B) Dynamic light
scattering analysis for the ND and ND�drugs. The graph shows that the diameters of ND, ND�DOX, ND�MTX, andND�BLEO
are 46.6 ( 0.17, 120.0 ( 0.93, 109.2 ( 0.58, and 105.1 ( 0.53 nm (n = 5), and ζ-potentials of ND, ND�DOX, ND�MTX, and
ND�BLEO are 55.8( 0.37, 45.3( 0.51, 47.8( 0.66, and 52.0( 0.35 mV (n = 3), respectively. (C) Drug concentrations on the
NDs in 1 mL of ND�drug solution. Drug concentrations of DOX, MTX, and BLEO in each 1 mL of ND�drug solution are 876(
2.8, 987 ( 1.0, and 329 ( 1.0 μg, respectively (n = 3).
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combinations was chosen to be 57 to enable definitive
convergence to global optimal for in vitro andpreclinical
experimental validation and ensure that it exceeds the
minimum required sample size for multiple regression
studies to achieve desired statistical power given the
anticipated effect size.71 The combinations were then
added to the cell lines by a customized liquid handling

robotic procedure in a high-throughput format, and
the viabilities of the cells were measured by resazurin
assay. The five-dimensional cellular response surfaces
were constructed with the experimental viability data
sampled by Latin hypercube (Figure 3A,B,D,E,G,H).

The response surfaces and therapeutic window
surfaces are based on sections of five-dimensional

Figure 3. Formation of the therapeutic window surface from the cellular response surfaces. (A) Response surface showing
the cellular response of the MCF10A (control) cells to varying combinations of ND�DOX, ND�BLEO, ND�MTX, and PAC. The
concentrations of ND�BLEO and PAC were fixed at optimal dosage, while the surface was plotted by varying the
concentration of ND�MTX and ND�DOX. Two dimensions (concentrations) were fixed in order to project the full five-
dimensional surface in three dimension (n = 3). (B) Response surface showing MDA-MB-231 (triple-negative breast cancer)
cellular response to the ND combinations (n = 3). (C) Therapeutic window surface between the MDA-MB-231 (cancer) and
MCF10A (control) cells when the four-drug combinations were applied (n = 3). The concentration levels were reversed to
enable a better viewing angle of the higher therapeutic window surface area. The blue pyramid denotes the experimentally
verified optimal therapeutic window, 51.50( 3.51%,with the bottom tip of the pyramid representing the experimentalmean
and the height of the pyramid representing the standard error. The dosing of the optimumND combination was ND�DOX =
9.88� 10�7 M, ND�BLEO = 1.12� 10�9 M, ND�MTX = 2.10� 10�5 M, and PAC = 2.02� 10�10 M. The FSC predicted that the
optimum therapeutic window was located at the same concentration as the pyramid and had a value of 47.01%. A t test
generated a p value of 0.35 (null hypothesis holds true), indicating that the FSC prediction was statistically significant to
predict the experimental optimum. (D) Response surface of H9C2 (n = 3). (E) Response surface of MDA-MB-231 (n = 3).
(F) Therapeuticwindow surfacebetweenH9C2 (control) andMDA-MB-231 (cancer) (n=3). The experimental optimal therapeutic
windowwas21.46(4.00%and located atND�DOX=4.88� 10�8M,ND�BLEO=2.00� 10�6M,ND�MTX=2.34� 10�9M, and
PAC=2.00� 10�5M; predictedoptimal is 20.71% (p=0.78). (G) Response surfaceof IMR-90 (n=3). (H) Response surfaceofMDA-
MB-231 (n = 3). (I) Therapeutic window surface between IMR-90 (control) and MDA-MB-231 (cancer) (n = 3). The experimental
optimal therapeutic window was 15.80 ( 6.19% and located at ND�DOX = 1.08 � 10�8 M, ND�BLEO = 4.47 � 10�7 M, ND�
MTX = 8.93 � 10�8 M, and PAC = 2.94 � 10�5 M; predicted optimal is 9.53% (p value = 0.48).
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surfaces (Figure 3A�I), from which two drugs are fixed
as an anchor point and the surface is plotted by varying
the concentration of the two other drugs. The differ-
ential evolution optimization protocol61 was applied
onto the five-dimensional surface of the therapeutic
window to locate the global optimal dosage of the cell
pair composed of one cancer cell and one healthy cell.
We subsequently experimentally verified the efficacy
of the identified optimum. The quality of the response
surfaces was ensured by including randomized com-
bination samples in the verification experiments. To
compare the FSC.II therapeutic window prediction
with experimental verification, a t test with the hypoth-
esis that the experimental window was derived from
normal distribution with the mean as the predic-
tion and unknown variance was conducted. Therefore,
the null hypothesis will pass if the prediction and
experimental values match. The blue pyramid denotes
the experimentally verified optimal therapeutic win-
dow for MCF10A and MDA-MB-231 (Figure 3C), which
was shown to be 51.50( 3.51%, with the bottom tip of
the pyramid representing the experimental mean and
the height of the pyramid representing the standard
deviation. The specific drug doses that comprised
the optimum ND combination were ND�DOX =
9.88 � 10�7 M, ND�BLEO = 1.12 � 10�9 M, ND�
MTX = 2.10 � 10�5 M, and PAC = 2.02 � 10�10 M.
Of note, the FSC-prescribed optimum therapeutic win-
dow was located at the same concentration as the

experimentally verified dose represented by the pyr-
amid and had a value of 47.01%. The cases of H9C2
versus MDA-MB-231 and IMR-90 versus MDA-MB-231
are shown in Figure 3F,I, respectively. The experimental
optimal therapeutic window was shown to be close to
the FSC prediction with high p values (0.78 and 0.47,
respectively). The FSC predictions were compared with
verification results, and a Pearson correlation was
determined to assess the accuracy (Figure 4). Impor-
tantly, in each experimental condition, it was clear that
FSC.II can effectively and accurately predict the result
and converge on an experimentally verified optimum.

Feedback System Control-Optimized Nanodiamond Combina-
tions Outperform Single Drugs. In order to confirm that the
FSC-optimized drug combinations outperform single
drug administration, the performance, whichwasmea-
sured by a therapeutic window, of single drugs and the
ND combination drug was experimentally determined
on a panel of six cell lines, including cancer cell lines,
MDA-MB-231, MCF7, and BT20, and three control cells,
MCF10A, H9C2, and IMR-90 (Figure 5 and Figure S2).
Each individually administered drug, both unmodified
and ND-modified, was serially diluted and applied
to the panel of six cell lines; the optimal dosages, which
generated the highest therapeutic window in each
cancer and control pair, were determined by the
optimal experimental result. The optimal ND combina-
tion for each cancer and control pair was prescribed by
FSC and experimentally verified. Given that the dosing

Figure 4. Pearson correlation plot for verification experiment versusmodel prediction. Pearson correlation plots of the FSC-
predicted viabilities of (A) MCF10A, (B) H9C2, (C) IMR-90, (D) MDA-MB-231, (E) MCF7, and (F) BT20 versus experimental values
(n = 3) of these three control cells and three cancer cells in the verifications, showing high correlation of R = 0.90, 0.93, 0.93,
0.93, 0.82, and 0.92, respectively, between predicted values and experimental values (n = 3).
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of all possible drug combinations encompassed that of
the single drug, the therapeutic window of the global
optimal combination was expected to outperform all
single drugs.

In comparing the FSC-optimized ND combination
with optimal single drug administration, it was ob-
served that the ND combination outperforms all of the
single drugs as measured by the therapeutic window
of MCF10A and MDA-MB-231 (Figure 5). The optimal
ND combination-mediated therapeutic window was
51.50 ( 3.51%, and the best single-drug-mediated
therapeutic window was 30.22 ( 10.62% via ND�
BLEO. Therefore, the optimal ND combination out-
performed the best single drug by 21.28%. Interest-
ingly, the main effector compounds in the optimal ND
combination were ND�DOX and ND�MTX, but not
ND�BLEO, which was the best performing single drug.
In addition, it could clearly be seen that the rational
design of a ND-modified drug combination resulted in
markedly different drug concentrations from the single
drugs (table in Figure 5).

FSC-Optimized Nanodiamond Combinations Outperform Optimal
Unmodified Combination Drugs. In addition to comparing
ND-modified drug performance against single-drug-
mediated therapeutic windows, a comparative study
between FSC-optimized ND�drug combinations and
unmodified drug combinations was performed. The
optimal ND-modified and unmodified combinations of
DOX, BLEO, MTX, and PAC were determined via FSC.II on
a panel of four cell types, including one cancer cell line,
MDA-MB-231, and three control cells, MCF10A, H9C2,
and IMR-90 (Figure 6). To evaluate whether optimal ND
combination outperforms that of unmodified, we tested
the null hypothesis that the difference of two therapeutic
windows came from normal distribution with zeromean

and unknown variance, using the paired-sample t test. In
the case ofMCF10A versusMDA-MB-231, the therapeutic
window of the optimal ND combination and unmodified
combination was 51.50 ( 3.51 and 31.10 ( 2.50%,
respectively. Therefore, the optimal ND combination
therapeutic window outperformed the optimal unmodi-
fied combinations by 20.40% (p = 0.0146, Figure 6A). In
the case of H9C2 versus MDA-MB-231, the therapeutic
window of the optimal ND combination and unmodi-
fied combination was 21.46 ( 4.00 and 4.94 ( 5.06%,
respectively. Therefore, the optimal ND combination
outperformed the optimal unmodified combination by
16.52% (p = 0.0012, Figure 6B). In the case of IMR-90
versus MDA-MB-231, the therapeutic window of the
optimal ND combination and unmodified combination
was 15.80 ( 6.19 and 2.20 ( 3.66%, respectively. In this
scenario, the optimal ND combination outperformed the
optimal unmodified combination by 13.6% (p = 0.0301,
Figure 6C). Figure 6A�C indicated that the FSC-
prescribed ND�drug combinations comprisedmarkedly
different drug doses toward the mediating of rationally
improved therapeutic windows. Importantly, these val-
ues demonstrate that FSC can converge on specific
drug ratios that mediate these optimal responses. ND-
modified drugs can overcome issues such as drug
resistance or improve intratumoral retention, among
other benefits which likely serve as foundations for the
improved efficacy of ND-modified drug combinations
over unmodified combinations.

FSC-Optimized Nanodiamond Combinations Outperform Ran-
domly Sampled ND�Drug Combinations. Additive or dose
escalation-designed drug combinations are current clin-
ical standards that are virtually precluded from mediat-
ing optimal therapeutic efficacy and safety.19�24 Given
the sheer magnitude of the entire therapeutic search, it

Figure 5. Nanodiamond combination performance versus nanodiamond single drug administration. Bar graph showing the
therapeutic window between the viabilities of the cancer cell, MDA-MB-231, and control cell, MCF10A, from the optimum
dosing of each drug or drug combination in the experiment (n = 3). The length of the vertical blue line shows the standard
error of each condition. The concentration of optimal dosing is provided in the table at the bottom.
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is unlikely that a randomized sampling method can
accurately locate the global optimum. We compared
the performance (therapeutic window) of randomly
sampled ND�drug combinations with that of an FSC-
optimized ND combination and showed that random-
ized combinations usually lead to suboptimal results.

Specifically, we took the average experimental thera-
peutic window of the 57 randomized combinations
obtained via Latin hypercube sampling and compared
this value with the experimental optimal combination
found out by FSC (Figure 7). In the case of H9C2 versus

MCF7, the optimal dosage outperformed the average
significantly by 42.66% (p = 6.39 � 10�04, Table S3). In
the most extreme case, MCF10A versus MDA-MB-231,
the optimal ND combination outperformed the average
combination by 62.43% (p = 9.39 � 10�18, Table S3).
Furthermore, among the 57 random combinations
sampled, we found that only 22.8% of the samples
mediated a positive therapeutic window. It should also
be noted that the application of random sampling
methods suchGaussian distribution or uniformdistribu-
tion over an FSC-prescribed 57 combination search
would have resulted in an even lower percentage
of samples exhibiting a positive therapeutic window.
Provided that a random sampling method samples
the space uniformly, the likelihood of consistently find-
ing a combination with a positive therapeutic window
is highly challenging and therefore requires that a
systematic and rational platform, such as FSC technique,
be utilized to enable convergence toward a global
optimum.

Reconciling Phenotypic Information To Optimize Nano-
diamond�Drug Combinations. In this study, DOX, MTX,
and BLEO were selected because they bind potently
and rapidly to the NDs. In addition, the ND�drug inter-
action has been shown to markedly reduce toxicity
while the drug is being carried.41,43,45,72 Specifically, we
have previously shown that the ND�drug agents
markedly improved drug tolerance when carried, such
that treatment toxicity was reduced or eliminated via
ND binding. Therefore, the ND served as a scalable
delivery agent for rapid nanomodified drug synthesis
that simultaneously improved drug safety and toler-
ance. Unmodified PAC was utilized to demonstrate
the modular nature of FSC and its ability to deliver a
combination of both nanomodified and unmodified
therapeutic agents. While the nanodiamond-modified

Figure 6. Nanodiamond combination performance versus
unmodified combinations. (A) Therapeutic window of the
optimal ND combination versus optimal unmodified combi-
nation for MCF10A (control) and MDA-MB-231 (cancer cell)
(p = 0.0146, n = 3); the average performance of unmodified
and ND combination is also listed. Notice that the optimal
composition of drug concentration is different for ND and
unmodified combinations. (B) Therapeutic window of the
optimal ND combination versus optimal unmodified combi-
nation in the case of H9C2 (control) and MDA-MB-231
(cancer cell) (p = 0.0012, n = 3). (C) Therapeutic window of
the optimal ND combination versus optimal unmodified
combination in the case of IMR-90 (control) and MDA-MB-
231 (cancer cell) (p = 0.0301, n = 3).

Figure 7. Nanodiamond optimum combination perfor-
mance versus nanodiamond randomized combinations.
The therapeutic windows of a panel of cancer and control
pairs are shown. Cancer cell lines include MDA-MB-231,
MCF7, and BT20 and control cells include MCF10A, H9C2,
and IMR-90, forming a total of six possible cancer control
pairs (n = 3).
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drugs used in this study were similar in structure and
function, they served as model chemotherapeutic
agents, and the ND carrier and FSC platform are
capable of being adapted toward virtually any ther-
apeutic compounds for other indications, as well.

The phenotype (e.g., viability) of a diseased bio-
logical complex system (cell, animal, and human)
under drug treatment can be expressed as a function,
V(s,x), of the disease-causing mechanisms, s, and the
drug concentrations, x. According to the Taylor expan-
sion in mathematics, V(s,x) can be related to the
diseased biological complex system before therapeu-
tic intervention, V(s,0), as

V(s, x) ¼ V(s,0)þ ∑
k

akxk þ ∑
l

blx
2
l þ ∑

m
∑
n

cmnxmxn

þ high order terms

It has been found that the high-order terms are much
smaller than the first- and second-order terms.51,73

We can then write the efficacy of the combinatorial
drugs as

V(s, x) � V(s,0) � ∑
k

akxk þ ∑
l

blx
2
l þ ∑

m
∑
n

cmnxmxn

Due to the complexities of the disease-causingmecha-
nisms in the genome and in protein networks, the
explicit functions of V(s,x) and V(s,0) for the diseases
are unknowns. However, the efficacy, that is, the
differences of the two equations, can be expressed by a
simple quadratic algebraic series. A small number of tests
in various dose combinations can determine the coeffi-
cients of algebraic series and locate the optimal dose
combination from a very large combinatorial drug�dose
parameter space. In other words, the FSC technique can
bypass the identification of the disease-causing mecha-
nisms and to home in the optimal treatment of achieving
the multidimensional desired end point outputs.

The fitted response surfaces of two selected cancer
and control cell pairs were superimposed to form a
five-dimensional surface of therapeutic window h(x),
where h(x) is defined as

h(x) ¼ FSCcontrol(x) � FSCcancer(x)

where FSCcontrol(x) and FSCcancer(x) are the viability
for control cells and cancer cells, respectively. In fact,
the most powerful feature of FSC is the ability to be
able to superimpose multiple response surfaces to
achieve simultaneous multi-objective optimization.
We defined h as the superposition of two cells in this
paper for simplicity of interpretation as well as proof of
principle.

An important aspect of this study has highlighted
the fact that, due to synergistic and antagonistic effects
between different drugs, therapeutic efficacy cannot
simply be determined by multiple dose�response
curves of the single drugs. Instead, the therapeutic
window is in fact fully represented by amultidimensional

response surface. The optimal dosage or combination
of drugs that can maximize the therapeutic window is
located within this multidimensional response surface.
For instance, a N drug combination with D different
concentrations will result in DN possible combinations.
Conventional methods (e.g., high-throughput screening)
are a measure-all approach, which is inefficient because
the possible number of drug combinations grows ex-
ponentially with each increase in the number of drugs
that comprise the combination. Furthermore, the mea-
sure-all approach cannotbeextended to in vivoor clinical
trials. FSC.II has thus demonstrated a unique advantage
in this case, resolving the complete response surface
with the smallest possible number of experiments while
rapidly homing in the global optimum.

Multiparametric Optimization of Nanodiamond�Drug Com-
binations via Feedback System Control. An important find-
ing following the demonstration that FSC-optimized
ND combinations outperform single drug efficacy
and safety was that most of the single drugs did not
mediate a large therapeutic window. For example,
DOX, BLEO, MTX, and ND�MTX exhibited therapeutic
windows of less than 10% and thus did not have a
major therapeutic effect. Single drug administration
still serves as a clinical standard of treatment for several
cancers, and it is well-known that innate or acquired
drug resistance and a decline in efficacy, as well as
toxicity, remainmajor obstacles to single drug adminis-
tration.74�77 To overcome these issues, nanomedicine
has been used to overcome resistance and reduce
toxicity in preclinical and now clinical studies.36,78

Since combination therapy is a widely adopted strat-
egy to even further enhance treatment efficacy, these
findings confirm the use of combination nanotherapy
to improve treatment efficacy over single unmodified
drug or nanodrug administration.

Because FSC.II is a platform technology, it can
easily be applied to a broad range of other drugs
(nanomodified or unmodified) and nanomaterial plat-
forms that have been shown the improve therapeutic
outcomes.38�40,79,80 This is due to the fact that a
nanomodified therapeutic serves as an input while
the phenotypic response from the biological system
represents an output, and FSC.II constructs a response
map to specifically pinpoint drug ratios that reach a
global maximum where efficacy and safety can be
optimized. This study utilized ND-functionalized DOX,
MTX, and BLEO as well as unmodified paclitaxel and
drug combinations without the NDs as examples of
inputs that can be optimally prescribed via FSC.II to
demonstrate its applicability to a broad spectrum of
therapeutic compounds and nanomaterials to formu-
late optimal nano and non-nanodrug combinations.

The ability to rationally design and experimen-
tally verify a globally optimized ND-modified drug
combination from this portion of the study also high-
lights the ability for FSC to systematically address the
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issue of resistance in cancer. The selected BT20, MCF7,
and MDA-MB-231 cancer cell lines each possess vary-
ing drug resistance profiles,81�83 and the ability for the
FSC platform to rapidly converge upon an optimum
combination that accounts for this resistance thus
allows for a dynamic response to the cancer cells'
ability to evolve against drug-induced cytotoxicity.
Therefore, in a scenario where a drug, either unmodi-
fied or ND-modified, is rendered inactive against a
particular type of cancer, this drug can be removed
from combinatorial design and replaced with a new
candidate compound. A subsequent redesigned, glob-
ally optimized combination can then be prescribed
and verified for rapid implementation. Importantly,
it should also be noted that following the in vitro

selection of FSC-optimized drug combination candi-
dates as shown in this study, downstream preclinical
and translational optimization is capable of using addi-
tional FSC-inspired drug design platforms that can
multiparametrically maximize safety and efficacy.

CONCLUSIONS

In summary, this work has demonstrated the rapid
andmultiparametric optimization of both nanoparticle
and unmodified drug-mediated therapy against multi-
ple cell lines. Using breast cancer cell lines that repre-
sent varying levels of drug resistance to optimize drug
efficacy and control cell lines to optimize treatment
safety, the FSC.II platform was able to reconcile experi-
mental phenotypic response to home in on the global
therapeutic window maximum. Furthermore, FSC.II
was able to optimize ND�drug combinations to out-
perform ND�single drug and unmodified single-drug
therapy as well as optimal unmodified drug therapy. In
addition, FSC.II was able to pinpoint a ND�drug com-
bination that outperformed randomly sampled
ND�drug combinations. This work confirmed that
FSC.II is not a predictive but rather a convergent and
deterministic platform that will enable the rational and
systematic design of drug combinations for individual
or population-optimized medicine.

MATERIALS AND METHODS
Synthesis and Characterization of Nanodiamond-Modified Drugs. Nano-

diamonds were obtained from the NanoCarbon Research Insti-
tute Ltd. (Nagano, Japan). Doxorubicin hydrochloride and mitox-
antrone dihydrochloride were purchased from Sigma-Aldrich
(Milwaukee, WI, USA), and bleomycin sulfate was acquired from
Cayman Chemical (Ann Arbor, MI, USA). All samples and solvents
were autoclaved prior to use. To formulate the ND�drug com-
plexes, the drugs were mixed with sterilized deionized water at
5mg/mL. Autoclaved NDswere thenmixed at a ratio of 5:1 (w/w)
with doxorubicin and mitoxantrone and 5:2 (w/w) with bleo-
mycin, followed by the addition of NaOH for coupling drugs onto
the NDs to a final NaOH concentration of 2.5 mM. The ND�drugs
were mixed thoroughly and incubated for 4 days at room
temperature. Subsequently, the ND�drug suspensions were
centrifuged and washed with deionized water until transparent
ND�drug solutions were obtained. The final products were
resuspended inwaterwith concentrations of 5mg/mL (ND/water,
w/v) for loading efficiency and nanoparticle characterization.

During the washing/centrifuging steps, supernatants con-
taining unbound drugs were analyzed to determine the drug
loading efficiencies. Wemeasured the absorbance of the super-
natant containing free DOX, MTX, and BLEO at 550, 590, and
290 nm, respectively. We calculated the concentration of drug
incorporated onto the NDs via standard curves which were set
by the absorbance values of serial dilutions of the drugs with a
range from 0 to 200 μg/mL.

To confirm drug presence on the NDs, FTIR spectroscopy
was performed (Jasco FT/IR-420). Prior to FTIR analysis, 2 mg
of ND, drugs, and ND�drug samples were mixed with 100 mg
of potassium bromide by using mortar and pestle and then
pelletized to make thin discs for further analyses with the
resolution of 1 cm�1 and 64 scan accumulations.

The size and ζ-potential of NDs and ND�drug complexes
(0.2�0.3 mg/mL) were measured using a Zetasizer Nano ZS
(Malvern Instrument, UK). Nanoparticle sizes were measured at
a 173� backscattering angle with at least three runs at 25 �C. The
hydrodynamic diameter was determined from the z-average
values from runs in triplicate. The ζ-potential was also deter-
mined at 25 �C in water by using DTS-1060C clear zeta cells in
automatic mode.

Cell Culture and Plating. MCF10A (human epithelial breast
cells), H9C2 (rat myocardium myoblast cells), IMR-90 (human
lung fibroblast cells), BT20 (human breast carcinoma cells),

MCF7 (human breast carcinoma cells), and MDA-MB-231
(human breast adenocarcinoma cells) were obtained from
American Type Culture Collection (ATCC) and were cultured
according to manufacturer protocols. Cells were subsequently
detached via trypsin-EDTA, counted via a hemocytometer
(Hausser), and seeded into 96-well plates via a Biomek FXp
(Beckman Coulter).

Single Drug and Drug Combination Evaluation. For the single-drug
study, unmodified and ND-modified doxorubicin, bleomycin,
and mitoxantrone were used. Paclitaxel was used in the un-
modified version. Serial dilutions of the drugs were made on
a 96-well plate and then applied to the correspondingwells on a
cell plate. These stepswere repeated for the remaining cell lines.
For the drug combination study, concentrations of drugs were
determined using the outcome of the single-drug experiments.
ND drugs or unmodified drugs were applied onto a 48-well
plate, and serial dilutions were made. Drug combinations,
according to Latin hypercube sampling, were then made on a
96-well plate. These drug solutions were then transferred to the
corresponding wells on a cell plate. These procedures were
applied for all cell plates. Cells were incubated in drug solutions
at 37 �C for 72 h.

Cell Viability Assays. To determine cell viability, 0.5 mM resa-
zurin (Sigma) was applied to the 96-well cell plates, followed by
an incubation period of 3 h at 37 �C and 5% CO2. Cell viability
was measured by fluorescence readings at 560 nm/590 nm.

Latin Hypercube Sampling. The drug concentration range was
determined by single-drug dose�response experiments of
the cancer model to be between the maximum achievable
concentration and the zero effect concentration. We then took
the log concentration and discretized the log concentration
range of each drug into seven stratums. A Latin hypercube
sampling processwas performed on the sample space, ensuring
that all subspaces were comprehensively covered. Following
objective function determination in order to account for max-
imal therapeutic efficacy against the cancer cell lines while
minimizing toxicity against control cell lines, differential evolu-
tion was applied to rapidly identify globally optimized drug
combinations for subsequent verification.

Latin hypercube sampling was performed upon the sample
spaceΩ, where the input X ∈ΩX. Let the sample be Xij, i = 1,..., N
and j = 1,..., K. We discretize the range of Xi into N strata, and
a component from each stratumwas selected. The components
were rounded up to the closest digits and treated as stages in
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the log concentration range. Each sampled component was
randomly assigned into the final design matrix X. In this way, Ω
was divided into NK cells, which represented a hypercube
discretization of the sample space. TheLatin hypercube sampling
process ensured that all subspaces ofΩ were fully covered, and
the components were sampled in a stratified manner.

Statistical Analysis. A student t test was utilized for statisti-
cal analysis of FSC-based optimization of nanodiamond�drug
combinations. Analysis was completed for studies comparing
FSC-optimized nanodiamond-modified combinations with
modified and unmodified single drugs, unmodified drug com-
binations, as well as randomly sampled nanodiamond-modified
combinations. A p value of less than 0.05 was deemed to
represent statistical significance in these cases. For the response
surface formulation studies, a t test with the hypothesis that the
experimental window was derived from normal distribution
with the mean as the prediction and unknown variance was
conducted. Therefore, the null hypothesis was considered
to pass if the prediction and experimental values matched.
Pearson correlation analysis was also plotted to further correlate
FSC prescriptions with experimental verification.
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