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ABSTRACT: Nanoparticles are engineered from materials such as metals,
polymers, and diﬀerent carbon allotropes that do not exist within the body.
Exposure to these exogenous compounds raises concerns surrounding toxicity,
inﬂammation, and immune activation. These responses could potentially be
mitigated by synthesizing nanoparticles directly from molecules derived from the
host. However, eﬀorts to assemble patient-derived macromolecules into structures
with the same degree of size and shape tunability as their exogenous counterparts
remains a signiﬁcant challenge. Here we solve this problem by creating a new class
of size- and shape-tunable personalized protein nanoparticles (PNP) made
entirely from patient-derived proteins. PNPs are built into diﬀerent sizes and
shapes with the same degree of tunability as gold nanoparticles. They are
biodegradable and do not activate innate or adaptive immunity following single
and repeated administrations in vivo. PNPs can be further modiﬁed with speciﬁc
protein cargos that remain catalytically active even after intracellular delivery in vivo. Finally, we demonstrate that PNPs created
from diﬀerent human patients have unique molecular ﬁngerprints encoded directly into the structure of the nanoparticle. This
new class of personalized nanomaterial has the potential to revolutionize how we treat patients and can become an integral
component in the diagnostic and therapeutic toolbox.
KEYWORDS: Nanotechnology, personalized medicine, patient-speciﬁc nanomaterials, protein corona, protein nanoparticles,
mass spectrometry
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core materials that have this high degree of synthetic tunability
are built using substances that are exogenous to the body.1
These include metals, polymers, and diﬀerent carbon
allotropes. When these foreign materials are assembled into
nanoparticles greater than 6 nm, they cannot be renally
excreted and are not eliminated from the body.5 Therefore,

anomaterials are integral components in the diagnostic
and therapeutic toolbox and possess a unique set of
optical, magnetic, and electrical properties that are derived
from their material composition.1 These parameters include
the size, shape, and surface chemistry of the nanomaterial, all
of which could dictate the biodistribution of the nanomaterial
or its cellular interactions with the rest of the body.2−4 Since
these nanomaterials are similar in size to biological molecules,
manipulating these physicochemical properties can theoretically control their transport to speciﬁc organs and cells. The
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Figure 1. Engineering diﬀerent sizes, shapes and compositions of personalized nanoparticles from human serum. (a) We expose gold nanoparticle
(AuNP) templates to biological ﬂuids, cross-link the surface-adsorbed proteins in place, and remove the metal core with etchants. Transmission
electron microscopy images of (b) 15, (e) 30, and (h) 50 nm spheres and (k) 30 × 10 nm rod templates show one how to make PNPs in diﬀerent
sizes and shapes. (c, f, i, l) Spherical PNPs increased by 15 nm and rods by 7 nm at each axis. (d, g, j, m) Furthermore, spheres and rods assume
surface charge densities between −8 and −15 mV following serum incubation and between −5 and −13 mV after etching, respectively. Error bars
denote ± the standard deviation. Scale bar, 100 nm.

adsorbed proteins in place, and removed the internal
nanoparticle core to leave a nanostructure composed entirely
of endogenous and patient-derived proteins (Figure 1a). Since
size, shape, and surface chemistry tunability depends on the
nanoparticle core template, we used gold nanoparticles
(AuNP) because they have the broadest size range of any
nanomaterial (from 2 to 500 nm), can be constructed into
many diﬀerent shapes (rods, spheres etc.), and are readily
surface-modiﬁed.20−22 We combined the synthetic tunability
oﬀered by AuNPs with the phenomenon of protein adsorption
to create PNP that have the same level of size and shape
tunability as AuNP.
We began with AuNPs20,21 that were 50 nm in diameter and
coated them with pooled human serum. We separated the
protein-coated AuNPs from unbound serum proteins using a
rigorous centrifugation and washing protocol.16 The surfaceadsorbed proteins were cross-linked into a rigid “shell” using a
photochemically activated, heterobifunctional, sulfo-LC-SDA
cross-linker.23 To make the PNP composed only of protein, we
needed to remove the exogenous AuNP core. Cyanidecontaining etching solutions have been used in templating
strategies that incorporate nucleic acids24 and polymers,25 but
they are hazardous to work with and irreversibly denature
proteins.26,27 Consequently, we chose an etching solution that
contains potassium-iodide/iodine, because they do not form
irreversible side chain adducts 27,28 (Figure 1b). After
puriﬁcation, we used inductively coupled plasma mass
spectrometry to measure the atomic gold content of our
PNP, and conﬁrmed that PNP were essentially metal-free with
roughly 35 ppb gold content (Figure S1). We also quantiﬁed
the loss of gold and protein over the reaction and determined
we achieved a 78% yield (Figure S2). Transmission electron
microscopy revealed that PNP were size and shape tunable

exposure to these nanomaterials raises numerous concerns
surrounding toxicity, inﬂammation, and activation of innate or
adaptive immunity, especially following repeated administrations.6−11 In order to mitigate these side eﬀects, several groups
have used endogenous materials found within the body, such
as lipids, to produce biocompatible nanoparticles.12,13 Since
the body contains a reservoir of many diﬀerent types of
endogenous building block materials, we can use this supply to
build libraries of nontoxic and nonimmunogenic personalized
nanostructures. However, current methods cannot produce
personalized nanostructures with the same degree of size and
shape tunability as their exogenous counterparts.1 Here we
demonstrate a solution to this problem with a simple threestep templating strategy to engineer personalized nanoparticles. These personalized nanoparticles have the same
level of design freedom and complexity as exogenous
nanomaterial classes while being nontoxic and nonimmunogenic.
Proteins are an abundant class of endogenous materials that
can be exploited as building blocks for nanoparticle synthesis.
Protein adsorption to nanoparticle surfaces is seen as a major
problem for nanomaterial design,14 because it obfuscates a
nanoparticle’s underlying synthetic properties. Previous work
has shown that the types and abundances of proteins that
adsorb to nanoparticles are predictable and reproducible,
because it depends on the underlying nanoparticle size, shape,
and surface chemistry.14−19 However, we can neither prevent
protein adsorption, nor has the ﬁeld found a way to exploit it
for a useful application. In this study, we discovered how to
exploit protein adsorption on nanostructures to build
personalized protein nanoparticles (PNP). To do this, we
incubated nanoparticles with biological ﬂuids that were
isolated from animals and humans, cross-linked the surface117
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Figure 2. Engineering protein nanoparticles by changing template surface chemistry and source biological ﬂuid. (a) Altering template surface
chemistry to anionic, neutral, or cationic changes the distinct protein compositions found in PNPs. Diﬀerent template surface chemistries such as
(b) mercaptoundecanoic acid (MUA), (c) mercaptoundecyltrimethylammonium bromide (MUB), (d) 1 kDa polyethylene glycol (PEG), and (e)
5 kDa PEG produced reproducible PNP. (f) Principal component analysis (PCA) derived from mass spectrometry data with biological replicates (n
= 3), shows the variability and statistically unique compositions derived from the diﬀerent template surface chemistries. Colored circles represent
the 95% conﬁdence region for each replicate (n = 3). The greater the overlap between regions, the more similar they are. (g) The statistically
signiﬁcant proteins that were discovered using the multivariable analysis of variance were classiﬁed according to their gene ontology function using
the Universal Protein Database. Similarly, (h) serum, (i) breast milk, (j) saliva and (k) tears were isolated from patients and used to make PNP.
Each PNP was signiﬁcantly diﬀerent from one another according to (l) PCA and (m) multivariable analysis of variance. Scale bar, 100 nm.

because they remained spherical and consistently 15 nm larger
than their AuNP templates. Their zeta potentials were always 7
mV less negative (Figure 1c,d, Figure S3, and Table S1).
Overall, these results show a patient-derived nanostructure that
is free of exogenous materials and approximates the template
core size and morphology.
We next sought to expand our control over size and shape
tunability. We therefore synthesized 15 and 30 nm spherical
AuNPs, and 30 nm × 10 nm rod-shaped AuNPs.29 We
conﬁrmed that PNPs were size and shape tunable, as spherical
PNPs maintained the same 15 nm increase in diameter across
all sizes (Figure 1, parts e, h, and k, and Table S1). On the
basis of the unique geometry of the nanorod templates, we

found they increased by 7 nm along both the longitudinal and
transverse dimensions (Figure 1, parts f, i, and l, and Table S1).
All PNP structures were 5.0 to 13.5 mV less anionic than their
respective AuNP templates (Figure 1, parts g, j, m). Thus, we
used AuNPs to build size and shape tunable PNPs.
Changing the composition of the adsorbed proteins
inﬂuences biological fate.14 It is also known that changing
nanoparticle surface chemistry changes the enrichment pattern
of proteins on the surface. Therefore, since diﬀerent
applications may require diﬀerent compositions, we next
explored the ﬂexibility of our synthetic method by changing
both the enrichment patterns of proteins, and the sources of
the protein building blocks. We functionalized the surface of
118

DOI: 10.1021/acs.nanolett.8b03434
Nano Lett. 2019, 19, 116−123

Letter

Nano Letters

Figure 3. In vitro and in vivo toxicity and immunogenicity study of PNP. (a) PNPs did not visibly activate the complement system compared to
PBS at four test concentrations of 5× (250 mg/kg), 1× (50 mg/kg), 0.2× (10 mg/kg), and 0.04× (2 mg/kg) compared to cobra venom factor
(CVF). (b) At the same test concentrations, PNPs were found to be nonhemolytic compared to PBS or human serum until 5× the injected dose
(****, P < 0.0001). (c) Splenocyte count shows two times more cells in the LPS group compared to the PNP group (***P < 0.001), and no
statistical diﬀerence among PBS, PNP and free serum protein (P > 0.05). (d) LPS groups was higher than PNP groups, and no diﬀerences were
found between PBS, PNP, and free serum for MHC II expression (****P < 0.001) and (e) total IgM and (f) IgG antibody production (***P <
0.001). All in vitro studies had three technical and two biological replicates. In vivo studies were n = 4 per condition. ± denotes standard deviation.
Statistical signiﬁcance was determined using one-way ANOVA with Tukey HSD correction for multiple comparisons.

dependent relationship of serum-PNP on complement
activation and hemolysis. We incubated 50 nm AuNP
templates with isolated serum from inbred C57BL/6 mice to
construct host-speciﬁc PNPs. We found that PNPs did not
activate complement pathways nor induce hemolysis (Figure
3a). However, PNPs showed some hemolytic activity at a very
high dose of 250 mg/kg (Figure 3b). We conjugated
ﬂuorescent dyes to the PNP (Figure S7) and used Förster
resonance energy transfer (FRET)30 (Figure S8) to show they
degrade when exposed to Proteinase K (Figure S9). We then
exposed bone-marrow derived dendritic cells to PNPs and
found that they did not exhibit any measurable activation
(Figure S10).31,32
After characterizing the safety and behavior of PNPs in vitro,
we next performed both short-term and long-term studies in
C57BL/6 mice in vivo. We ﬁrst determined the short-term in
vivo toxicity and immunogenicity by injecting C57BL/6 mice
with 50 mg/kg of C57BL/6-PNPs. PNPs did not induce any
liver toxicity (Figure S11) nor did they cause the production of
chemokines and cytokines involved in early inﬂammation and
immune responses (Figure S12). We next evaluated whether
PNPs induced adaptive immunity following repeated administrations over a 28-day period. Mice were injected with 50

50 nm AuNPs with neutral, anionic, or cationic ligands to
modify the proﬁle of adsorbed serum proteins species in order
to yield compositionally distinct PNPs (Figure 2a).14 We
produced ﬁve unique classes of PNPs with diﬀerent surface
chemistries (Figure 2b−d) (see Materials and Methods and
Table S2), and the proteins were analyzed using high
resolution liquid chromatography tandem mass spectrometry.
Each PNP had compositionally distinct protein populations
(Figure S4). We conﬁrmed each proﬁle was distinct using both
principal component (PCA) and canonical centroid analysis
(CCA) (Figure 2, parts e and f, and Figure S5). Moving
beyond serum, we next explored whether we could build PNPs
from other biological ﬂuids. We successfully engineered PNP
from tears, saliva, and breast milk (Figure 2a). Each PNP
contained a diverse array of protein building blocks that
diﬀered from one another in a statistically signiﬁcant manner
(Figure 2g−l and Figure S6). Interestingly, PNP size, shape,
and charge remained constant regardless of the incubated
biological ﬂuid (Table S2). Since these PNPs consist of crosslinked self-proteins, we next tested the immunogenicity and
toxicity of PNPs in vitro and in vivo.
Since PNPs built from serum contain complement proteins
within their structure (Figure S4), we measured the dose119
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Figure 4. Functionalization and in vivo administration of diﬀerent protein nanoparticle structures. (a) Horseradish peroxidase (HRP) can be mixed
with serum in diﬀerent amounts to create catalytically active PNPs. (b) The catalytic activity of the HRP-PNP can be linearly controlled by directly
changing the concentration of HRP mixed with serum. (c) The robustness of the HRP integration into the PNP structures was conﬁrmed following
intravenous administration into C57BL/6 mice. HRP-PNP remained functional and preferentially distributed to liver cells rather than the
extracellular matrix when compared to free HRP (n = 3). ± denotes standard deviation. Statistical signiﬁcance was determined using an unpaired t
test. ****P < 0.0001.

Figure 5. Diﬀerent patient sera produces personalized nanoparticles with distinct molecular ﬁngerprints encoded into the nanoparticle structure.
(a) PNPs from eight diﬀerent patients’ sera (b) whose backgrounds extended over a diverse range of age, gender, and ethnicity. (c) Each patient
has a distinct protein composition, which is presented in a hierarchically clustered heatmap. We include those proteins that are most signiﬁcantly
diﬀerent among all patients (FDR P-value <0.05) (the color represents the Z-score where red is above the mean and blue is below the mean of the
log2-based label free quantitative protein abundance intensity). (d) Personalization was conﬁrmed using principal component analysis with
biological replicates (n = 3). Colored circles represent the 95% conﬁdence region for each patient replicate. The greater the overlap between
regions, the more similar they are. (e) Statistically signiﬁcant proteins were grouped based on eight speciﬁc biological functional categories (acute
phase, immunoglobulin, lipoprotein, coagulation, complement, regulatory, and structural).

mg/kg of PNP, PBS, free serum protein, or a positive control
of lipopolysaccharide (LPS) at 2 mg/kg on days 0 and 14.
Their weights were recorded every 3 days. Mice treated with
LPS lost 20% of their body weight 3 days after both the ﬁrst
and second injections (Figure S13), whereas PBS, protein, and

PNP did not. Histopathology analysis indicated severe
inﬂammation and neutrophil inﬁltration following LPS treatment, but no inﬂammation in the PBS, protein and PNP
groups (Figure S14). Splenocytes were counted to determine
the degree of immune cell recruitment, and we found no
120
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Figure 6. Schematic illustration of integrating patient-speciﬁc nanomaterials into a clinical setting. We envision that when patients are admitted into
the hospital, and have their biological ﬂuids retrieved, and then PNPs can be synthesized and functionalized according to the treatment or
diagnostic need, and then readministered back into the patient in as little as 12 hours.

active and resisted subsequent protein adsorption to the same
degree as polyethylene glycol-conjugated AuNP (Figure S17).
After conﬁrming functional and structural stability, they were
intravenously administered in vivo. HRP-PNP remained both
catalytically active and were preferentially taken up by more
cells compared to free HRP (Figure 4c, P < 0.0001). These
results show these multicomponent PNP assemblies can be
loaded with speciﬁc protein cargos that remain functionally
intact even when delivered to cells inside of the body.
We exploited the predictable nature of protein−nanoparticle
interactions to assemble patient-derived macromolecules into
nanomaterials with the same design freedom and complexity as
AuNP. Protein corona formation is well studied, but
predominately seen as a bane to nanomaterial design. We
have demonstrated how to convert this phenomenon into a
solution to make a truly unique class of patient-speciﬁc
nanoparticles. Speciﬁcally, PNP synthesis is highly robust as
they can be engineered from diﬀerent proteins and into varying
sizes and shapes. Consequently, our strategy is generalizable
and readily amenable to modiﬁcations. Future studies should
explore ways to increase the complexity of the template, the
types of integrated cargo, and how these features inﬂuence
therapeutic eﬃcacy, immunogenicity, and toxicity. Looking
forward, we envision the PNP synthetic process will be
integrated into the therapeutic and diagnostic workﬂow when
patients visit the clinic or hospital. When patients visit, their
biological ﬂuids will be isolated and used to create a
personalized treatment strategy (Figure S18). As a ﬁrst step
to explore this, we took sera from human patients from a

diﬀerence between PBS, protein, and PNP groups, but a 2-fold
increased cell number was found in the LPS group (Figure 3C,
***P < 0.001). Similarly, free proteins and PNPs did not
upregulate expression of major histocompatibility class II
(MHCII), CD86 or the activation marker CD69 by B (B220+)
cells (Figures 3d, S15, and S16).33 This lack of B cell expansion
and activation suggested that anti-PNP antibodies were
unlikely to be produced. We similarly showed that neither
free protein nor PNPs increased IgG or IgM production
compared to the control (Figure 3e,f). Our results demonstrate
that we can synthesize PNPs in microgram to milligram
quantities, which do not activate innate or adaptive immune
responses in mice, and may therefore be safe for long-term use
in vivo.
In pursuit of future therapeutic and diagnostic applications,
we next needed to engineer PNPs with greater complexity and
functionality. We investigated whether we could exert direct
control of the PNP composition, and incorporate biologically
active macromolecules such as enzymes that can interact with
the surrounding biological environment. We used horseradish
peroxidase (HRP) as the model enzyme, since it generates a
chromogenic signal that can be measured using spectrophotometry. In this synthetic process, HRP was initially mixed
with serum, and this mixture was incubated with the AuNP
template (Figure 4a). After synthesis and puriﬁcation, we
found that the enzymatic activity of the resulting HRP-PNP
correlated linearly with the proportion of HRP initially spiked
into the serum (r2 = 0.84). (Figure 4b). We next exposed the
HRP-PNP to serum and found it both remained catalytically
121
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diverse range of ethnicity, age and gender, and synthesized
their PNPs (Figure 5a,b). Each patient produced PNPs with
distinct compositions (Figure 5c). Using PCA and CCA, we
validated that this process was truly patient-speciﬁc. Each PNP
contained a molecular ﬁngerprint that could be used to
discriminate each patient from the rest of the sample cohort
(Figure 5d,e).
In the future, we envision that biological ﬂuids will be
isolated from patients, the PNPs designed with therapeutics
and diagnostic agents, and then readministered into the patient
for medical use (Figure 6). In addition, the protein biomarkers
could be used to archive a patient’s biological proﬁle at the
time of collection, monitor disease progression, or response to
therapy.34,35 This can be achieved because the personalized
PNP contained a chemical signature that was unique to the
patient. Interestingly, 100 of the proteins enriched from these
biological ﬂuids are known FDA clinical biomarkers (Table
S3).36 Overall, we have provided a generalized strategy to build
patient-speciﬁc nanomaterials that can be used in therapeutic
and diagnostic applications that will become integral
components in the toolbox for personalized medicine.

■
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