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Personalized medicine has recently taken 
center stage in cancer research and has led 
to a number of therapeutic success stories in 
oncological practice. Cancer is an immensely 
complex, heterogeneous disease that is caused 
by the interplay of multiple intrinsic (genetic 
predisposition) and extrinsic (lifestyle) fac-
tors. As cancer progresses, genetic drifts in 
the cell population typically result in het-
erogeneity with regard to cell antigenicity, 
differentiation state, proliferation rate, inva-
siveness, metastatic potential and response to 
chemotherapeutics. It has been increasingly 
recognized that cancer is a heterogeneous, 
evolving and adaptive malady that requires 
personalization of the treatment, as to the 
extent where the right drug is administered 
to the right patient with the right dose at 
the right time. Given the system complex-
ity and the vastly limited understanding of 
the underlying pathophysiology, however, 
this poses a constitutive challenge to mod-
ern medicine (multiparameter optimization 
problem with many unknowns).

In recent years, analysis of somatic muta-
tions in cancer genomes has led to the iden-
tification of a compendium of aberrations 
that confer cancer development and has 
in turn enabled development of drugs that 
specifically target hallmarks of neoplasia  [1]. 
A range of small-molecule inhibitors and 
therapeutic antibodies have been developed 

to target overexpressed proteins, driving the 
exceedingly rapid translation of genomic dis-
coveries into clinical end points. Selection 
of patient subsets (so-called responders) out 
of bigger patient cohorts based on genomic 
data has proven to be highly beneficial with 
regard to drug efficacy and patient outcome 
and has ushered in a new era, the era of pre-
cision medicine. Although perceived with 
much excitement by the scientific commu-
nity, personalized therapy heavily relies on 
initial genomic profiling and the constitutive 
monitoring of biomarkers which require cost-
efficient analysis of massive amounts of data, 
and hence few personalized medicines have 
entered clinical routine [2].

While a few years back the challenges in 
this field were scientific in nature, with the 
maturation of the ‘-omics’ sciences, it now 
seems that the major barriers are increas-
ingly related to effective clinical implemen-
tation and socioeconomics [3,4]. Personalized 
medicine requires a re-thinking and transi-
tion away from the ‘one drug to fit all’ idea. 
Every day, millions of people take medica-
tions that will not only not help but in the 
worst case even harm them, hence causing 
a significant burden to the healthcare sys-
tem. Still, these very same medications are 
the drugs that reach blockbuster status and 
bring the revenue that is so vital for a filled 
drug development pipeline and thus are criti-
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cal for a healthy pharmaceutical industry. For phar-
maceutical industry, personalized medicine in its cur-
rent form essentially becomes equivalent to a shrunken 
market and diminished revenue potential. Clearly, the 
incentives for the stakeholders are severely misaligned, 
similar to what has been observed previously for the 
development of new antibiotics: While the slow adop-
tion of new antibiotics may be appropriate for public 
health maximization to delay development of resis-
tance, it is the key factor that drives the poor econom-
ics for companies. Moreover, tailored drugs are only 
useful if tailored diagnostics can identify appropriate 
patients, hence posing dual burdens of large, expen-
sive clinical trials and diminished revenue potential 
on pharmaceutical industry [3]. Classical clinical trials 
may not be appropriate anymore. Schork recently dis-
cussed the concept of one-person trials, a different type 
of clinical trial that focuses on individual rather than 
averaged responses to therapy  [5]. While this is being 
done for rare diseases out of necessity, the amount of 
data that is collected is not usually sufficient to make 
hypotheses about the drug’s mechanism that could 
later on form the basis for a generalized understand-
ing. As pointed out by Schork, one-patient trials hold 
a distinct advantage over classical trials, namely, that 
the patients involvement will not only help future gen-
erations but the treatment will be vetted for the actual 
study patients. If done properly, such one-patient trials 
could directly help the involved patient as well as form 
the ground work (i.e., high-quality data) for the treat-
ment of future generations. However, implementation 
of one-patient trials also heavily depends on the physi-
cians’ incentives. To date, physicians get disproportion-
ally higher rates for procedure-oriented services rather 
than for evaluation and monitoring of the outcome [3]. 
This leads to a financial disincentive to run diagnos-
tic tests to prescreen patients only to find that further 
treatment is ineffective or unnecessary. At the same 
time, this has led to the resumption of the ethically 
highly controversial debate whether patients should 
pay for their participation in clinical research [6].

Between all these conflicting priorities, there are a 
number of scientific opportunities that may contrib-
ute to the easing of the situation by opening new mar-
kets, leading to a redistribution of costs and revenues 
between the various stakeholders. Technological solu-
tions for the accelerated discovery of biomarkers, the 

engineering of improved drug carriers, the develop-
ment of point-of-care diagnostic tests and monitoring 
devices, and appropriate data management approaches 
may turn precision medicine into profitable endeavors 
for all parties involved  [7]. Particularly, nanotechnol-
ogy-enabled approaches have demonstrated astonish-
ing potential to transform medicine and may enable 
smoother transitions from the ‘one drug to fit all’ 
state to highly personalized treatment modalities. 
The advent of nanotechnology has brought with it 
a multitude of different diagnostic, therapeutic and 
theranostic approaches [8,9]. Nanosized carriers can be 
engineered bottom-up to a highly customizable extent, 
hence enabling much needed cost-effective theranostic 
approaches by integrating imaging (monitoring) and 
therapy, and allowing targeted delivery of drugs by 
superimposing natural biodistribution.

Safe-by-design delivery of drugs by means of nano-
sized carriers may significantly impact drug develop-
ment and treatment by reducing the pressure for all 
stakeholders. Currently, the US FDA records a 95% 
failure rate for drug approval due to safety and effi-
cacy issues; hence, there is an urgent need to reduce 
the risk for pharmaceutical industry and patients and 
make both drug development and use safer. Specifi-
cally, nanosized reporter probes may be employed 
to deliver and monitor active ingredients and pro-
vide immediate (online) feedback on the therapeutic 
effectiveness of the treatment [10–15]. Additionally, the 
development of generic nanosized trigger-responsive 
carriers holds great potential to site specifically deliver 
active ingredients in a responsive manner (that is only 
under certain conditions), thus reducing toxicity and 
off-target effects  [16,17]. The use of nanosized drug 
carriers opens the opportunity to deliver drugs in a 
way that is tailored not only to the nanoscale (gene 
and protein expression level) but also to the mesoscale 
(microenvironment), as recently reviewed by Nuria 
and colleagues [18].

Nanotechnology-enabled carrier and reporter sys-
tems may assist in the collection of patient-specific 
data noninvasively by giving access to a previously 
inaccessible spatiotemporal resolution (mesoscale 
imaging of the microenvironment). Additionally, nan-
otechnology-enabled point-of-care systems may assist 
in close-meshed data collection as well as compliance 
monitoring at reduced cost, hence reducing the overall 
burden to the healthcare system. Point-of-need com-
patible, easy-to-use (paper-based) diagnostic devices 
and naked-eye detection of biomarkers are likely to 
transform data collection  [9,19,20]. Constitutive nonin-
vasive monitoring is particularly relevant for a range of 
conditions, including inflammatory and autoimmune 
diseases, and may in turn have direct impact on the 

“Personalized medicine is an interdisciplinary 
challenge where theranostic approaches and 

sophisticated data management are likely to take 
center stage to enable personalized treatment at 

acceptable cost–benefit ratios.”
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patient’s quality of life at acceptable cost–benefit ratios. 
Here, physicians and patients will assume a more 
active role in data collection and monitoring of treat-
ment success, most likely resulting in increased patient 
engagement and compliance [21].

Personalized medicine is an interdisciplinary chal-
lenge where theranostic approaches and sophisticated 
data management are likely to take center stage to 
enable personalized treatment at acceptable cost–bene-
fit ratios. Despite the high societal value, the transition 
from classical clinical trials to one-patient trials and 
personalized treatment still faces significant obstacles, 
most of them due to misaligned incentives [4]. Person-
alized treatment could become a profitable market, 
if we work out where that profit will come from as a 
society (and not as individual stakeholders) and if we 

put incentives in place. Nanotechnology-enabled ther-
anostic approaches may indeed become a key driver in 
harmonizing the needs of the various stakeholders by 
allowing cost-effective delivery and monitoring of drug 
efficiency and safety, and close-meshed high-quality 
data collection.
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