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Abstract: Research has increasingly focused on the delivery of high, often excessive amounts of drugs,
neglecting negative aspects of the carrier’s physical preconditions and biocompatibility. Among them,
little attention has been paid to “small but beautiful” design of vehicle and multiple cargo to achieve
effortless targeted delivery into deep tissue. The design of small biopolymers for deep tissue targeted
delivery of multiple imaging agents and therapeutics (mini-nano carriers) emphasizes linear flexible
polymer platforms with a hydrodynamic diameter of 4 nm to 10 nm, geometrically favoring dynamic
juxtaposition of ligands to host receptors, and economic drug content. Platforms of biodegradable,
non-toxic poly(β-L-malic acid) of this size carrying multiple chemically bound, optionally nature-
derived or synthetic affinity peptides and drugs for a variety of purposes are described in this review
with specific examples. The size, shape, and multiple attachments to membrane sites accelerate
vascular escape and fast blood clearance, as well as the increase in medical treatment and contrasts
for tissue imaging. High affinity antibodies routinely considered for targeting, such as the brain
through the blood–brain barrier (BBB), are replaced by moderate affinity binding peptides (vectors),
which penetrate at high influxes not achievable by antibodies.

Keywords: poly(β-L-malic acid) tri-leucine copolymer; multi-ligand carrier; mini-nano carrier;
biological barriers; blood–brain barrier (BBB); brain tumors; Alzheimer’s disease

1. Introduction

The invention of nanometer-scale drug delivery was motivated by the possibility
of accumulating high drug concentrations at diseased sites through targeted delivery.
Optimally, this approach should facilitate the destruction of pathological cells, tissues or
organs while leaving healthy regions of the body unaffected [1] (Figure 1a). Given that
the body is composed of multiple compartments, a targeted nano drug injected into the
bloodstream could find its site by specific guidance across bio borders acting as gated
barriers before reaching its ultimate destination for pharmaceutical activity. In order to
compete against undesirable clearance, the ligand–carrier conjugate must be competitive
from the moment of injection to exiting from the vasculature in a flux (mass delivered per
unit of time) comparable to systemic clearance (Figure 1b).

A nanoparticle is a physical entity that contains one or several components (platform,
drug, targeting device, imaging agent, and so on), which alternatively function as a multi
ligand drug (nanodrug) or imaging agent (nanoimaging agent), among others, having a
(hydrodynamic) diameter of 5–100 nm. The lower and upper size limits are not sharply
defined. The lower could include diameters of 3–7 nm, the highest being 200 nm or even
1000 nm. The devices with the smallest diameters were termed “mini-nano devices”. The
size, shape (e.g., sphere, rod), composition (e.g., helix-coil interchangeable copolymer, shell,
solid body), and “stickiness” of a delivery platform can determine its efficiency in moving
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through receptor gated bio barriers. Mass transporters with long half-lives have been
designed to increase delivery, especially when flux (mass delivered per unit time) across
a bio barrier is low. Nano capsules such as liposomes, micelles, and sponge-like solid
nanoparticles are frequently used as agent carriers [2–4] (Figure 1c).
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Figure 1. Nanodrugs: function, clearance and extravasation, architectures, and biocompatibility. (a) Targeting and
accumulation, (b) balanced tissue penetration and body clearance, (c) drug encapsulation and open covalent structures as
polymer-drug conjugates, and (d) varying tendency for recipient toxicity.

To achieve long-lived transporters, the nanoparticle chemistry, stability, shape, and
penetration were optimized, offering delivery of large payloads and prolonged serum
pharmacokinetics (Figure 1d). Potentially toxic chemistry and drug leakage were reduced
by chemical crosslinking. Scavenging by the reticuloendothelial [1] system has been
minimized by attachment of polyethylene glycol (PEG) to create “stealth” particles. For
treatment purposes, the highest possible drug loading was often chosen over pharma-
cologically adequate doses [5]. However, high drug loads carry the risk of side effects
(especially in the absence of targeting), excess drug leakage into healthy tissues, cytotoxicity
of the carrier or its degradation products, and development of storage disease owing to
aggregation and the lack of degradability [6–12].
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1.1. Mini-Nanodrugs

Mini-nanodrugs are border-sized linear structured molecules, which are best described
as having properties of small chemo therapeutics, yet are loaded at multiple sites for
achieving multipronged treatments (Table 1).

Table 1. Design of a hybrid construct representing a classical chemotherapeutic and minimized nanodrug.

Feature Verification Effect

Size (volume) Low mass, hydrodynamic
diameter < 10 nm Fast and deep penetration

Shape High axial (high aspect) ratio Fast and deep penetration assisted
by geometry

Platform molecularity Single molecule Stability against spontaneous disassembly

Functionality Multiple ligands Multiple targeting and delivery

Ligand attachment Covalent Controlled assembly

Drug attachment Reversible if prodrug Controlled release

Targeting Multiple targeting through gated
bio barriers

Tuned affinity-gating receptors regulate
movement through cascades

High affinity targeting
Low affinity targeting

Affinity locked ligand-receptor
Speedy delivery via ligand-receptor

Lock-in for antigen-antibody capture
Transport through multiple junctions

Mini-nanodrugs of small-sized platforms are supposed to have low risks of side
effects [13]. In comparison with regular-sized nano drugs (>20 nm hydrodynamic diameter),
they offer a facile movement through tissue. It is important that the platform can offer
a desired number of groups for covalent linkage of ligands, thereby minimizing leakage
and toxicity [6,7,14]. Here, we choose poly (β-L-malic acid) (PMLA) as the multi drug
delivery platform, but other polymers with multiple ligand binding and high aspect ratios,
structural dynamics, and reactivity function well.

1.2. Criteria Ruling the Design of Mini-Nano Carriers
1.2.1. General Structure, Function, and Desired Effects

Mini-nano carriers are designed with properties that are shared with low molecule
pharmaceutics and full-sized, usually encapsulating nanoparticles. Several of these features
are summarized in Table 1.

1.2.2. Example of Mini-Nano Carriers, Composition, and Outstanding Properties

To build an efficient mini-nano drug, we chose the macromolecular mini-nano carrier
platform PMLA, with a plethora of pendant carboxylic groups for ligand attachment [14–24]
(Figure 2). The polyester, which is biologically synthesized by poly-condensation of L-
malic acid, can account for a molecular of mass of 30,000–300,000 g/mol, corresponding
to 258–2590 carboxyl groups per molecule polymer [25]. Biosynthesis is coupled to the
fermentation of glucose by Myxomycetes [26,27], and synthetically accomplished by ring-
opening polymerization [28–30]. Low molecular mass PMLA < 10,000 g/mol is produced
in high rates by Aureobasidium fungi [31]; however, this source has not been used for the
production of mini-nano carriers.

The carboxylates are chemically activated by N,N′-dicyclohexyl carbodiimide (DCC)
chemistry in the form of the N-hydroxy succinimide (NHS) ester, serving the conjugation
of prodrugs and targeting molecules [25]. Bifunctional linkers are commercially available
to synthesize multiple bioalkyl derivatives of pharmaceutics (amides, ester, disulfides,
and thioethers of oligo nucleotides, peptides, and proteins), achieving nanoconjugates
of >1,000,000 g/mol with hydrodynamic diameters of 20–30 nm [14]. Owing to their
polymeric platform (>100,000 g/mol), these high molecular nanoconjugates are similar to
mini-nano drugs, except for their high molar mass when conjugated to several molecules
of antibodies or other macromolecules. In contrast, mini-nanodrugs contain platforms to
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40,000–60,000 g/mol. If chosen solely for their high affinity receptor binding, antibodies can
be replaced by low molecular weight affinity peptides [17]. In cases concerning biological
activities, antibodies should not be replaced unless such activities can be synthetically
added. Mini-nanodrugs are often prodrugs. The active drugs can be released by hydrolytic
or disulfide cleavage shown in Figure 3.
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Figure 2. Open-structured border-sized linear nanodrug. (a) Polymer nano-platform, biodegradable to L-malic acid, a
substrate of the Krebs-cycle. (b) Typical functions of the polymeric nano drug. (c) Nano drug, schematic composition by
ligands (A) and dynamic structure (B).

Examples of mini-nano devices are shown in Table 2, including mini-nano carri-
ers (MNCs), mini-nano imaging (MNIAs) agents, mini-nano drugs (MNDs), and their
attached peptide vectors. Synthesis, structure, size, and zeta-potential characterize these lin-
ear macromolecules as having border-line hydrodynamic diameter < 10 nm, zeta-potential
of −2.2 to −16.5 mV, and molecular mass of (11.4–207) × 103 g/mol. The examples of
50 kDa PMLA platform contain an average of 431 L-malyl-residues, 172 molecules of LLL,
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8.6 molecules of vectors (peptides), and 4.3 molecules of rhodamine as the fluorescent
reporter [17].
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Figure 3. In vivo reversion of synthesized nano-prodrugs into active nano drugs. Examples are
disulfides (upper ester) or ester and hydrazone linkages (lower).

Table 2. Examples of mini-nano devices including mini-nano carriers (MNCs), mini-nano imaging (MNIAs) agents,
mini-nano drugs (MNDs), and their attached peptide vectors.

Mini-Nano Device
(MNC, MNIA, MND)

and Peptide Vector
Formula a MW

(g/mol)
Size b

(nm)
ζ-Potential

(mV)
Kdiss

c

(µM)
Dose d

(µmol/kg)
Serum t 1

2
(h) e

Site t 1
2

(h)
f

Platform poly (β-L-malic acid)
(PMLA) 50 × 103 3.3 ± 1.5 −16 ± 0.9 - - - -

Angiopep-2 (AP2) Vector TFFYGGSRGK
RNNFKTEEYC [32,33] 2404 - - 0.33 [32,33] 12–30

[32,33] - -

MNC [34]
P(50 kDa)/LLL(40%)
/PEG3400-AP2(2%)

/rh(1%) [17]
165 × 103 4.5 ± 1.5 −11.6 ± 1.8 - 0.068–

0.548 [17] 1.2 [17] 2–3 [17]

MNIA (MRI contrast)
P(60 kDa)/PEG600(Gd-
DOTA)3(10%)/AP2(1%)

/rh(0.5%) [35]
270 × 103 9.4 ± 1.6 −8.2 ± 1.72 - - - -

Fe-mimetic Vector: cTfRL CRTIGPSVC (S-S disulfide
bridge) [36] 932 - - - 5–40

[37,38] - -

MNC [17]
P(50 kDa)/LLL(40%)

/PEG2000cTfRL
(2%)/rh(1%) [17]

142 × 103 - −9.58 ± 1.1 - 0.068–
0.548 [17] - -

TfR-mimetic Vector: B6 CGHKAKGPRK [39–41] - - - - - - -

MNC [17]
P(50 kDa/LLL(40%)

/PEG2000B6(2%)/rh (1%)
[17]

153 × 103 - −6.1 - 0.068–
0.548 [17] - -

MiniAp-4 Vector M4 H-[Dap]KAPETALD-NH2
(Dap-D lactam bridge) 911 - −10.4 ± 1.3 - 0.2–1.04

[42] - -

MNC [17]
P(50 kDa)/LLL(40%)

/PEG2000-M4(2%)/rh
(1%) [15]

139 × 103 - - - 0.068–
0.548 [17] - -

Chlorotoxin Vector (to
glioma) CTX

MCMPCFTTDHQM
ARKCDDCCGGK

GRGKCYGPQCLCR;
(CTX) [43–45]

3996 - - 0.66 [23] 0.05–
0.15 [44] - -

MNIA (fluorescence)
P(60 kDa)/LLL(40%)
/PEG2000-CTX(1.5%)

/ICG(2%) [34]
160 × 103 11.8

± 16 −20.5 ± 1.8 - - 1.5 [34] 9.5 [34]
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Table 2. Cont.

Mini-Nano Device
(MNC, MNIA, MND)

and Peptide Vector
Formula a MW

(g/mol)
Size b

(nm)
ζ-Potential

(mV)
Kdiss

c

(µM)
Dose d

(µmol/kg)
Serum t 1

2
(h) e

Site t 1
2

(h)
f

Vector to HER2 (HER2-
mimetic) [23] AHNP

YCDGFYACYMDV-NH2
(S-S disulfide bridge) 1647 - - 0.52 [23,46,47] - - -

MND [23]

P(50 kDa)/LLL(40%)
/StarPEG(PEG200

(AHNP)2(2%)
/AON(1.5%)

331 × 103 7.8 ± 2.1 −13.8 ± 1.3 4.6 [23] 0.75 - 10

MND
P(50 kDa)/LLL(40%)
/StarPEG(PEG200

(AHNP)2(2%) /DTX(5%)
274 × 103 - - - 5.0 - -

a % fraction of PMLA malyl residues conjugated with ligand at their free –COOH. b Molecular mass calculated according to formula.
c Dissociation constant of mini nanoconjugate complexed with host receptor. d Dose per mouse, concentration range of conjugated vector
residues in experiments. e Serum half-life. f Half-life of mini nanoconjugate at targeted site. AHNP, anti-HER2/neu peptide; AON,
antisense oligonucleotide; DTX, docetaxel; Gd-DOTA, gadolinium-tetraaza cyclododecane tetra acetic acid; ICG, indocyanine green; LLL,
tri-leucine; P, poly(β-L-malic acid); PEG polyethylene glycol; rh, rhodamine; cTfRL, transferrin receptor ligand.

Peptides not only imply reduced nano drug size, but also increased conjugate robust-
ness during synthesis, storage, and shipping, as well as the facilitation of medical handling,
reduction costs of synthesis, and diminishing of the risk of immune recognition (reduction
of antigen determinants) [48,49]. Encapsulating platforms such as spontaneously formed
micelles and liposomes or water-insoluble precipitation-fabricated solid carriers are not
applicable for highly soluble conjugates. Because of covalent binding, mini-nano drugs do
not bear a risk of drug leakage or spontaneous platform dissolution [7]. However, after
arrival at the destination site, the delivered drug must be accessible and react with host
biomolecules. This conversion from prodrug to drug does not only attest to the precision
of site-specificity delivery, but also the imbedding in the nanoconjugate structure can lower
the risk of immune recognition [50,51].

Thanks to their structural flexibility, linear structured nano drugs can move deeply
into tissue by dynamically adaptation in size and shape. PMLA is a good example for
high flexibility, because of its all-backbone single bonds, which allow open and closed
structures in dynamic equilibration (Figure 2c(B)). The open forms can readily interact
through attached ligands with biomolecules in their microenvironment, as demonstrated
by sec-HPLC analysis [15] or assayed by way of covalent fixation [16] Figure 2c(B). Small
particle size and low aspect ratios (elongated shapes) support movement through physically
porous bio barrier and into deep tissue [17,18].

1.2.3. Permeation through Barriers by Spontaneous Diffusion or Receptor-Gated Access

Extravasation

In an ideal case, the drug after systemic injection exits from the vasculature and
reaches the target such as location of the diseased cells, tissues or organs. To be successful,
the amount of exiting nano drug must compete with its clearance from the blood. One
way of successful competition is fast binding and internalization via a receptor located on
the endothelial luminal surface. A favorable outcome depends on the number of available
receptors, binding affinity, short residence time, and internalization rate. In an optimal
situation, attached ligands (Figure 4a,b; L in Figure 5) recognize a plurality of receptors
with moderate residence times (Receptors R in Figure 5). Multiple receptor-specific ligands
are attached on each polymer platform to increase the number of permeating nano drugs
per barrier. The affinities (indicated by values of Kd

−1) must be moderate to avoid receptor
blocking by prolonged residence times (1/koff). In addition, long-lived high affinity antigen–
antibody complexes such as TfR–aTfR (LR or RL in Figure 5) are prone to re-internalize
and be sorted into the lysosomal pathway for degradation (Figure 4b) [19,52–54].
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Figure 4. Affinity of the receptor complex with the vector-nano drug cargo determines the success
of disease treatment (a). Example of moderate binding affinity favoring dissociation from the
transcytosis receptor after BBB permeation. After the dissociation, the free vector-nanocarrier-cargo
moves away in the cascade downstream towards the diseased target (route a). Receptor blocking due
to stickiness may favor retrograde permeation and eventually lysosomal degradation (route b).
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Figure 5. Simplified assumption for ligand–receptor complex (LR or RL) formation and dissoci-
ation on the luminal and abluminal sides at vascular endothelial barriers (the first barrier after
Extravasation). Symbols refer to kon, rate constant for association of ligand (L) and receptor (R);
koff, rate constant for dissociation of complex LR; Kd, equilibrium dissociation constant of reaction;
[L], concentration of free ligand; [L]o, total concentration of ligand; [R], concentration of free re-
ceptors; [R]o, total concentration of receptors; and [LR] = [RL], concentration of ligand–receptor
complexes. [L] = [L]o − [LR]; [R] = [R]o − [LR]. Equation (1) is the reaction scheme for the formation
and dissociation of LR. Equations (4a) and (4b) are mass law equations.

After Extravasation: Several Multiple Cellular and Extracellular Hurdles

After extravasation, the nano drug passes through several hindrances until reaching
the site of its pharmacological activity. The hurdles besides vascular endothelial cell
membranes are cell membranes (e.g., brain, breast and other organs), organellar membranes,
and structural domains of intracellular organization and the extracellular matrix (ECM),
such as amyloid-β aggregates in neurological disorders or abnormalities in tumor ECM.
Membranes are compositionally and structurally variable depending on their localization
and expression of specific receptors. Besides the dependence on energy required for
molecule sorting and vesicle transport of nano carriers, the efficacy of transport through



Nanomaterials 2021, 11, 2996 8 of 28

barriers may depend on ligand geometrical properties and affinity-guided selection to bind
receptors [17,55,56].

Geometrical variables include size (diameter/length), shape (aspect ratio), flexibil-
ity (stiffness), and/or number of branches [22,57]. These properties can contribute to the
physical fit of a nanoparticle passing a barrier [58,59].

Passive (Diffusive) Pathways

After intravenous (IV) injection of a nanoparticle, a primary effort is the exit from
blood vessels through the endothelial barrier into interstitial tissue. Two major types
of mechanisms are known: the diffusive pathway for small, nonpolar of hydrophilic
molecules, and, in tumors, the enhanced permeability and retention (EPR) effect for the
nanoparticle and the actively driven receptor-pathway extravasation [60,61]. In the case
of a tumor, fast angiogenesis to the tumor can cause leaky blood vessels. These vessels
of the growing tumor allow larger sized therapeutic agents, including nanoparticles or
antibodies, to access the interstitial portion of the tumor to some extent.

“Active” Delivery Pathways

“Active” delivery involves ligands interacting with membrane receptors, which are
part of a transport system assisting the opening of a barrier at the expense of energy [60].
One such barrier is the blood–brain barrier (BBB), which is a general term for the func-
tionalities that organize the permeability of blood vessels in the central nervous system
to precisely regulate the transfer of molecules between the blood and the brain [60]. The
function of this barrier is to protect the brain from pathogens and neurotoxic molecules, as
well as to maintain homeostasis. It allows permeation of molecules with Mw < 400 g/mol
by passive diffusion [62,63], but it also allows larger molecules to enter such as transferrin
or insulin, as well as nanoparticles that bind to the endothelial transferrin receptor (TfR),
insulin receptor, or low-density lipoprotein receptor-related protein-1 (LRP-1) by the mech-
anism of receptor-dependent transcytosis [63–74]. While a normal BBB functions in healthy
individuals, certain diseases can cause dysfunction of the BBB, as in the cases of brain
tumor or Alzheimer’s disease [60].

Transcytosis Pathways, Vectors

The receptor-dependent extravasation from the blood involves specific binding to
receptors at the luminal surface of the vascular endothelial layer, and then translocation
along a specific route through the endothelial cell layer, followed by exit into the adjacent
tumor interstitial tissue. The transcytosis pathways include receptor binding, receptor
internalization, vesicle swapping via recognition of directional signals towards lysosomal,
recycling, and the abluminal cell surface for exocytosis.

The detailed mechanism of transcytosis is still elusive. A common feature is that it is
led by “ferry” receptors, which do not dissociate from the transferred “vector” ligands on
the way to the basolateral membrane. Persisting, high-affine ligand–receptor complexes
were found to engage in the reverse reaction and are sorted into the lysosomal/degradation
pathway [75,76].

Receptor-Driven Permeation through Cascades of Gated Barriers

Examples of receptor-gated “transcytosis” pathways through the BBB are the TfR [77],
insulin receptor [64], and lipoprotein (LDL-, LRP-1 receptor) pathways [33], among other
pathways [62]. The routes can be used to access the brain parenchyma with a plethora of
drugs attached to the specific receptor ligands. Such ligand peptides may be termed
“shuttle peptides” or vectors. Delivery through the BBB is key for treatment of pri-
mary and metastatic brain tumors [61], as well as neurodegenerative disorders such as
Alzheimer’s [78] and Parkinson’s diseases [61]; lastly, the BBB has to be overcome for deep
tissue movement. The vectors of nano carriers are active in opening the BBB, and some,
like the vector angiopeptide-2, specifically enter into brain cells or into parenchymal de-
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posits (plaques) of peptides and other pathological tissue’s structure. Targeting a pathway
through a multi-fence like border systems, called “cascade targeting”, involves specific
carrier-bound molecules that bind to gating receptors specific for one of the barriers in
the cascade. With the specific ligands on the nano carrier for one or several barriers in
the cascade, the carrier can control access towards downstream-located targets within
deeper regions of tissue. In the case of lacking a specific key ligand, the movement of
the nano carrier might be stalled within an inactive compartment or carried by the target
specificity of a nanocarrier co-loaded ligand within a non-cognate compartment. In another
possibility, the key ligand could have a high affinity to an unintended receptor (e.g., of a
key antibody to a receptor recognized as its antigen), and consequently being stalled in
the antigen-residing compartment. Accumulation in the non-intended compartment could
be prone to side effects and toxicity. Thus, the affinities between keys and receptors must
be tuned. The pathway through a barrier cascade is illustrated in Figure 6. The case of
receptor blocking at high ligand affinity is demonstrated in Figures 4 and 5.
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Figure 6. Cascade of reactions when a multi-ligand Li-containing nanoconjugate moves through a
series of bio barriers with one specific receptor Ri at each structural border (i), such as membranes
of brain cells or their organelles, to deliver a drug, e.g., ligand L4 on the nanoconjugate and R4 on
the barrier’s effector site, to the number of barricades optionally. The movement is driven by the
stepwise increase in affinities for binding ligands L1–4 to gating receptors R1–4. With an appropriate
tuning of affinities and concentrations, an optimal deep flow through a given tissue can be achieved.

Consideration of Size and Shape Effects on BBB Permeation

Deep into tissue movement during delivery from the bloodstream through vascular
endothelium, interstitial tissue, ECM and cellular and intracellular membranes to the site
of action has been shown to follow principles of receptor-targeted as well as random-
passive permeation. Passive permeation (passive targeting) and targeted permeation
(active targeting) are distinguished by the fact that receptor-targeted selection affords
affine complex formation, energy-driven pathway sorting, and energy-driven membrane
permeation. In both modalities, rates and amounts of delivered molecules are controlled by
vehicle size, shape, rigidity, and surface properties. Surfaces could respond to hydrophilic,
hydrophobic, electric charges, or acid–base sensitive groups.

In a passive case, the penetrating particle encounters extracellular and intracellular
fluids with densities that vary with the concentration and nature of fluid molecules, semi-
permeable membranes, and crosslinked peptide filaments as examples. The fluid molecules
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could be resting or streaming (bloodstream) in directions that are favorable/unfavorable
depending on whether the particle and the environment move in phase. Moreover, particle
size and shape may favor movements changing in different directions [22,34]. For example,
spherical shapes of hydrodynamic diameter >10 nm hinder renal clearance, in contrast to
EPR-mediated passive vascular extravasation, which is favored for particle spheres with
diameters of 50 to 120 nm [57,61,79]. The chance to escape the blood flow by passive target-
ing is mostly unfavorable compared with receptor-capturing (active tumor targeting) [22].
Non-targeted nano carriers were designed for multiple cycles in the blood in order to
increase the chance for escape. Sizes close to or below the renal threshold (4–8 nm) follow
serum half-lives in the range of 0.5 to 1.5 h.

Transcytosis from Blood to Brain

Mini-nano-like drug carriers have been synthesized representing dendrimers, polymer
nanoconjugates, and metal core particles in the absence of ligands [1]. However, the original
sizes of a few nanometers may increase substantially when adding molecular layers and
ligands for functionalization, and then the hydrodynamic size may extend into the >15 nm
range, no longer qualifying as mini-nano carriers. Coiled polymers with hydrodynamic
diameters <8 nm penetrate deeply into surrounding tissue within 1–3 h [17,22,34,80]. In
one extreme, they can form compact coils that can be “wrapped” by membrane encounter
before endocytosis and, in the other extreme, they can form an open version, presenting
their ligands to receptors on the surface of membranes followed by internalization [17].

Receptor binding on the membrane surface of BBB initiates wrapping and uptake into
travelling vesicles [21], and this may well require small ligand diameters. While details
of the transcytosis pathway have not been fully elucidated, the vesicle–ligand–receptor
entity moves through the cell under the energy-consuming control of specific proteins and
encounters with other vesicles before exocytosis through the basolateral membrane, where
the ligand dissociates from the receptor complex.

2. Favorable Reasons to Use Mini Nano Vehicles for Delivery into Brain
2.1. Semiquantitative Description of Cross-BBB Delivery
Simplified Transcytosis Model

Delivery of nanomaterials to the brain is restricted by receptor-validated entry through
the BBB. The nanocarrier is loaded with cargo (drugs) and vectors. The vector portion of the
vector–cargo carrier recognizes the receptor of the transcytosis pathway through complex
formation [1]. In the complex, the cargo remains covalently bound to the carrier. The
complex with the receptor brings them together from the luminal side of the endothelial
cell (i.e., the cell membrane surface adjacent to the bloodstream) to the abluminal side
(i.e., the membrane surface at the opposite side, adjacent to the brain parenchyma), where
the receptor–vector–carrier complex dissociates into cell surface bound receptor and the
soluble vector–cargo–carrier ligand, releasing the vector–cargo–carrier into the parenchyma
(Figures 4 and 5). In the complex during transcytosis, receptor–vector is reversible binds by
virtue of canonical structure. If the vector–receptor affinity is strong, a fraction of complexes
may dissociate, yielding only a small portion of the overall amount of complex.

As summarized in Figure 4a, the ligand affinity to the receptor must allow easy disso-
ciation from the transcytosis receptor to allow ligand forward permeation participating in
downstream reactions or return to the blood vessel by a retrograde movement (Figure 4b).
In the case of a high affinity ligand–vector–receptor complex, the complex could be traf-
ficked into lysosomes and degraded [19–21]. Thus, treatment of a brain pathological
conditions via a high affinity drug–vector–receptor complex would be less efficient owing
to the limited carrier–drug amount than with a ligand having a moderate affinity and a
higher amount of free carrier–drug.
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2.2. Calculation of Approximate BBB Permeation Efficacies Using Quasi Equilibrium and
Other Approximations

The simplified schemes in Figures 4 and 5 describe transcytosis as reversible complex
formation of the ligand (i.e., vector-nanoconjugate) and receptor LR on the luminal side,
and the dissociation of RL at the abluminal side of the vascular endothelial barrier, resulting
in transportation of nanoconjugate and recycling of the membrane-bound receptor. While
the receptor remains fixed to the cellular layer, the structures of LR and RL are assumed to
be the same, with the vector–nanoconjugate–cargo ligand (mini-nano carrier) dissociating
into the parenchyma. After dissociation, the vector–nanoconjugate may again encounter
the receptor molecules, re-engage in complex formation, and return to the luminal side. For
quantitative treatment, a quasi-closed system is assumed, which contains the membrane-
bound free receptor, the receptor-complexed vector portion of the vector-conjugate, and
soluble free vector–conjugate. In the simplifying assumption, the quantification considers
only the dissociation–reassociation reaction of the receptor with the vector portion of
the nanoconjugate at the abluminal membrane of the endothelial barrier, which is in
equilibrium with the luminal side. Although the assumption appears superficial, it provides
information about the amount of free receptor engage in complex formation, and thus
influence the flux of the BBB permeating drug. The affinity is inversely correlated with the
value of the dissociation constant Kd (Figure 5). The affinity is assigned to the vector as the
active part of the nanoconjugate.

To calculate the concentration of the dissociated ligand, a quasi-equilibrium was
assumed as an approximation (Equations (4a) and (4b) in Figure 5). After dissociation,
the fraction of receptors that are ligand-free can cycle between the luminal and abluminal
surfaces of the brain vascular endothelial barrier. As predicted by the mass law equations
(Equations (4a) and (4b) in Figure 5), an increase in the ligand concentration ultimately
results in the saturation of all receptor molecules, and thereby stalls transcytosis. In
addition, the complexes with high affinity have prolonged residence times, 1/koff, that
slow down transcytosis.

2.3. Effects on Transcytosis Efficacy at Selected Concentrations of Receptor and Ligand

The data presented in Table A1 were calculated for the conditions where [L]o ≥ [R]
(Equation (4a), Figure 5). Replacing “L” with “R” transforms Equation (4a) into Equation (4b)
in Figure 5. The interpretation of the data after this transformation is different. For example,
the relative transcytosis efficacy [R]/[R]o in Table A1 transforms into [L]/[L]o, the ratio of
the concentrations of free ligand ([L]) to total ligand ([L]o = [L] + [LR], where [LR] is the
concentration of the ligand-receptor complexes). For this new condition, [R]o ≥ [L], the
concentration of [R]o must be tuned to [R]o ≤ Kd in order to achieve optimal free ligand
concentration after BBB crossing.

High concentrations of free ligands on the abluminal side next to parenchyma are
desired in cascade reactions (Figure 6), namely for binding and crossing of cellular mem-
branes of neurons, astroglia, and microglia or binding to aggregates in the parenchyma.
Commercialized affinity peptides identified by phage selection or similar methods mostly
have receptor–peptide dissociation constants Kd in the range of 10 nM to 10,000 nM and
function satisfactorily for vector-guided transport through biological barriers. Examples
are listed above in Table 2.

2.4. The Dissociation Rate of the Ligand–Receptor Complex Is Coupled with the Affinity

In the section above on endothelial transcytosis, we considered the situation of limited
pharmaceutical efficacy owing to a high ligand–receptor affinity. We have seen that a high
affinity could favor cellular uptake, but that the invariably low degree of ligand–receptor
complex dissociation can inhibit or even stall the efficacy of transcytosis. Furthermore,
an unfavorable dissociation rate constant (koff = Kd × kon) can decrease the flow of tran-
scytosis, and thus kinetically inhibit the accumulation of free ligand on the abluminal
side of the endothelial barrier. In addition, when the released ligand is consumed by



Nanomaterials 2021, 11, 2996 12 of 28

competing reactions, the concentration of free ligand may be well below that needed for
pharmaceutical efficacy.

2.4.1. The Vector Part of the Ligands Matters

The importance of dissociation rates and binding affinities came into focus when anti-
bodies against receptors were initially favored as optimal ferries through the endothelial
layer of brain capillaries. In particular, these were antibodies against the TfR or insulin
receptor. Dissociation constants of receptor–antibody complexes (Kd) and rate constants
of their formation and dissociation (kon and koff, respectively) had extreme values, with
Kd = 0.1—5.0 nM, kon = (104 to 106) M−1 s−1 and koff = (10−6 to 10−3) s−1 [81–86], corre-
sponding to residence times of hours and even days, which were unfavorable for drug
delivery. In contrast, peptides with moderate receptor binding affinities of Kd = 0.1–5.0 µM,
kon = (105 to 108) M−1 s−1, and koff = (10−2 to 600) s−1 [33,38,42,44,46,47,87–90] have resi-
dence times of 2 ms to 2 min, allowing a high degree of mass flow through the BBB.

2.4.2. Polymalic Acid Tri-Leucine Group “Boosts” the Function of the Vector Group

In the example of the vector–polymalic acid trileucine nanoconjugate, the affinity of the
transcytosis receptor complex of the peptide–vectors was “boosted” by coupling with the
binding of the of the nanoconjugate to the BBB endothelial cell membrane [17] (Section 3.1).
The finding sets an example for an affinity contribution by the vector microenvironment.

2.5. The Observed Impact of Vector–Receptor Affinity on Pharmaceutical Delivery

Responsible for permeation efficacy are both ligand (vector)–receptor affinity (cor-
responding to 1/Kd) and the ligand–receptor dissociation rate (koff in Figure 5). Both
affinity and dissociation rate are intrinsically connected parameters, and together add to
the success of BBB permeation and pharmaceutical treatment. This remained historically
unnoticed until it was found that the most affine IV-injected antibodies and conjugated
drugs, as a rule, were unsuccessful as therapeutics. Under the pioneering work of W. M.
Pardridge and coworkers [64,65,77], the concept of receptor-dependent transcytosis was
originally introduced for drug delivery to the brain. They discovered that the antibody to
the TfR could be used to “smuggle” molecules into the brain that were otherwise excluded
from entering. The antibody was termed the “Trojan Horse”. Importantly, the discovery
proved that the ligand adherence to the transcytosis receptor was conserved during the
delivery. Their findings together with the affinity inferred limitation opened the door for
providing efficient delivery to the brain for treatment.

The History of Drug Delivery to Brain

It was soon realized thereafter that the TfR, insulin, and other receptors such as the
low-density LRP-1 [72] could deliver their natural or synthetic peptide vectors or protein-
ligands into the brain via specific transcytosis pathways, and that recombinant fusions
of polypeptides or biotin-streptavidin attached “cargo” ligands such as iduronidase [66],
erythropoietin [67], or beta-secretase 1 (BACE1)-recognizing ligands could be delivered
as well [68]. However, antibody-mediated transcytosis commonly has high antibody-
receptor binding affinities (dissociation constants, Kd, in the nanomolar and subnanomolar
concentration range).

Limited dissociation of the TfR binding antibody was recognized as a problem
and was soon resolved by replacing the wild-type TfR antibody with a low affinity
recombinant [62,63]. Going one step further, Yu et al. discovered that they could en-
hance uptake and reactivity in brain parenchyma when one of the antibody binding sites
had been engineered for binding (BACE1) [68,69], which is the peptidase that initiates the
cleavage of amyloid precursor protein to amyloid-β in Alzheimer’s disease. As a conse-
quence of the engineered substitution, the remaining original site had become less affine
for binding TfR [69]. This indirect substitution effect on affinity resulted in the favorable
dissociation. The finding was the impetus for employing low affinity receptor–peptide path-
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ways, among them the low-density LRP-1 [72], binding the associating vector angiopep-
2 (AP2) [32,33,70–74], as well as other pathways [37,42,45–47] (see Table 2). Receptor–affine
peptide vectors (shuttle peptides [42,91]) are accessible by molecular display techniques or
by the rational design of antigen–antibody mimicry peptides [23].

2.6. Transcytosis and Cascade Reactions
2.6.1. How to Optimize the Flow through Cascade Barriers

Cascade reactions are considered here as one or several hurdles following the move-
ment of a nanoconjugate through BBB. Inspired by the notion that the success of delivery
deep into the brain could be limited by extreme affinities of nanoconjugate–vector receptor
complexes, we were led to considering hurdles encountered by the nanoconjugate-ligand
complexes. A possible way to maintain high flow would be to couple the cascade with a
downstream decrease in dissociation constants, Kd(i+1) < Kdi, corresponding to the step-
wise affinity increase illustrated in Figure 6. Ligand binding involves reversible binding to
receptors R1, R2, and R3 and translocation through the cascade of barriers 1, 2, 3, and 4,
whereby, after each barrier “i”, a higher ratio [L]/Kd(i+1) for still free ligand builds up in
front of the next barrier “i + 1” and the receiving receptor is [Ri+1] < [L]o and [LRi+1] = [Ri+1]
[L]o/Kd(i+1) {1 + [[L]o/Kd(i+1)}−1. For lim(Kd(i+1))→ 0, [LRi+1] = [Ri+1], i.e., the receptor
at the terminal target side is engineered to be fully complexed with the ligand owing to
its affinity. As discussed in previous sections, the condition for best flow, [L]/Kdi, will be
achieved if the Kdi of each successive barrier–receptor is lower than the ratio for the preced-
ing one. This requirement could be satisfied by selecting combinations of nanoconjugates
containing peptides and/or antibodies with “tuned” Kd cascades. The given estimates are
for simplified conditions. Not considered are reactions of complexes such as in- and out-
flow of ligands. In the case of drug delivery into brain, the intra brain cascade could begin
with the binding to the transcytosis receptor at the endothelial/parenchyma membrane
and then to a neuron cell membrane, membranes of organelles, nuclei, and so on, which are
second, third, or fourth hurdles and their receptors, before the ligand finally arrives in the
pharmacologically desired compartment and is consumed in a specific terminal reaction
(Figure 6). Moving along the cascade in a strong mass flow towards the final receptor site is
considered possible by a tuned stepwise increase in ligand–receptor affinities, thus favoring
an “energy sink” at the end of the cascade. If the Kd values are tuned with concentrations
of ligands, one-third of the nanoconjugate after passage, the concentration in the terminal
barricade 4 would be reduced by a factor (3)4 = 81.

2.6.2. Polymalic Acid Conjugates as Outstanding Candidates for Borderline Nanosized
Drug Delivery Systems
Structural, Chemical, and Physical Background for PMLA-Based Mini-Nanodrugs

The objective behind the design of mini-nanodrugs is to combine suitable features
of both conventional and nano-sized pharmaceuticals. In order to achieve deep targeted
delivery into tissue at a minimum of toxicity risk, in our opinion, the best approach is a
design that favors (1) small sizes/high axial ratio, such a polymer as platform; (2) peptide
targeted delivery; (3) simultaneous chemical attachment of a plurality of ligands (drugs,
targeting groups, and imaging molecules); (4) designed hydrophilicity, hydrophobicity,
and amphiphilicity; (5) the absence of bulky proteins; (6) biodegradability; (7) the absence
of systemic toxicity; and (8) negligible immunogenicity.

Molecular Weight

As high-performance drugs, we developed mini-nanocarriers, mini-nanodrugs, and
mini nano imaging agents that are conjugated along the linear structured polymeric PMLA
platform with a molecular weight of 30 to 60 kg/mol (kDa). The conjugated platforms with
various ligands have molecular weights that do not exceed 300 kg/mol (kDa). Examples of
PMLA-based carriers and drugs are listed in Table 2. The small size and dynamic shape
favor deep penetrations, attachment to vectors to bind arrays of receptors, and delivery
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of sufficient quantities of drugs. Controlled combinations with hydrophobic molecules
can form amphiphilic segments for membrane fixation and subsequent specific binding
to receptors for penetration, while locally dispersed ionic groups can favor, disfavor, and
navigate the nanoconjugate’s spatial orientation optimizing approach and binding to
charged membranes or macromolecules.

The Linear Structure of the Polymeric Platform

PMLA of molecular weight 30,000 to 300,000 g/mol with the structure of a linear
polyester (Figure 3) resembles a small molecule with a hydrodynamic diameter of 3.4–8 nm,
a pH-dependent polyanion with pKa 3.4, and a size-dependent zeta potential of −17 to
−23 mV. The small, compact diameter in solution compared with the much more extended
chemical structure is explained by an open to coil dynamic structure, which is enabled by
the low energy rotation along the polymer backbone, and a short-range stiffness inferred
by repulsion between negative-charged next-neighbor carboxylates. Rotation around the
polymer axis can hypothetically result in an amphiphilic configuration with carboxylates
on the hydrophilic side and methylene groups on the hydrophobic side. By conjugation of
the many carboxylic groups with tri-leucine (LLL), the polymer is tailored for lipophilic
response by the hydrophobic leucine-side chains and the shift towards neutralization of
the pendant carboxylates under low acidic environment of pH ≤ 5 [92,93].

The Chemical Attachment of Ligands

The ligands of PMLA nanoconjugates are chemically attached to the pendant car-
boxylic groups of the polyester-forming malyl units [6,23–25,80,94]. Binding frequently
includes linker molecules, which add distance between the polymer and the biologically
functional group and may include a cleavage site to generate the active drug (Figure 3).
Drugs attached by bifunctional PEG-linkers [17,23,80,95,96], which, in the case of prodrugs,
can be cleaved at the pharmacological site of treatment (Figure 3) [25,95,97].

2.6.3. Why Peptides Instead of Antibodies?

In principle, antibodies are disfavored because of their inherent size limitation for deep
permeation and because of other disadvantages considered above. In mini nano constructs,
they are replaced by peptides or other small receptor targeting groups with robust functions,
preserving the minimum range of molecular weight sizes. In addition, peptides in cyclic
configurations or mirror-imaged D-amino versions are the least biodegradable agents. LLL
peptides are conjugated with 40% of the PMLA carboxyl groups, effecting high protection
of the polyester against hydrolytic degradation [28,92,93].

3. Examples of Mini-Nano Devices

For an illustration of representative cases of PMLA-based mini-nano devices, four
applications for mouse models are presented: (1) permeation through the BBB with the
potential for imaging and cascade drug delivery in the treatment of tumor and neurode-
generative diseases, (2) high-intensity fluorescence imaging of tumor for guided resection
of glioblastoma, (3) identification of tumors by MRI, and (4) the efficacy of nano drugs
for inhibition of human HER-2 positive breast cancer. For a summary of mini-nano de-
vices, see also Table 2. The well-established chemistry for activated PMLA-preconjugate
and the substitution at the activated carboxylates with biologically relevant ligands are
applicable [25].

The following examples demonstrate the overall competence of mini-nano devices
in deep tissue delivery, in particular (1) providing access to brain parenchyma across the
BBB, (2) tumor imaging, and (3) tumor treatment. Mini-nano devices have in common
the polymer platform (Figure 3), ligands for receptor targeting, membrane binding and
destabilization by attached LLL, PEG linker, and an optional fluorescent reporter dye, all
assembled through covalent bonds. The abundant carboxylic groups provide anchorage
for a plurality of drugs, targeting, and tumor imaging devices [17,25,34].
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3.1. Example 1: PMLA-Based Mini-Nano Carriers (MNCs) for Delivery across the BBB

Mini-nano carriers are macromolecules designed to penetrate into the brains of
healthy mice and mouse models of Alzheimer’s disease and glioblastoma by transcy-
tosis pathways of selected peptide vectors: angiopep-2 (AP2) vector of the LRP-1 path-
way [72,73], cTfRL-peptide (human) [39] and B6-peptide (human, mouse) vectors of the
TfR-pathway [33,40,41] and MiniAp-4 (M4, derived from bee venom) vector of a K/Ca
ion-channel [42]. In the formula P(50 kDa)/LLL(40%)/peptide(2%)/rh(1%), P stands for
poly(β-L-malic acid) (PMLA) and rh for rhodamine, whereas % refers to the fraction of
malyl residues conjugated with the indicated ligand. MNCs containing Leu-Leu-Leu (LLL)
are activated for enhanced (boosted) membrane permeation. The optical analysis of BBB
permeation in normal brain, in brain of mouse models with Alzheimer’s disease, and in
mouse brain tumors [98,99] and can give new insights into the intercommunications of
different brain locations [100].

Mini-nano carriers of 50 kDa PMLA platform contain an average of 431 malyl-residues,
172 molecules of LLL, 8.6 molecules of vectors, and 4.3 molecules of rhodamine as the fluo-
rescent reporter have hydrodynamic diameters <10 nm, zeta-potential of−2.2 to −16.5 mV,
and molecular mass of 11.4 to 207 × 103 g/mol [17].

The permeation across barriers is followed by ex vivo fluorescence microscopy at
534–558 nm excitation wavelength and 560–640 nm emission wavelength [17] of sliced tis-
sue after IV injection and in vivo fluorescence labeled permeation of 14-week-old BALB/C
and C57BL/6J (BL/6) mice (Charles River Laboratories, Wilmington, MA, USA) for normal
brain BBB experiments [17], imaging and fluorescence guided resection experiments [34],
and preclinical HER2-positive breast cancer treatment [23].

Kinetics and Efficacy of Mini-Nanocarriers’ Permeation through BBB

As shown in Figure 7, mini-nanocarriers containing PMLA, LLL, the vector AP2,
and rhodamine (rh) are microscopically ex vivo detected for studying permeation of the
brain capillary endothelial cell layer (BBB) of healthy mice (Figure 7a). Microscopical time-
and region-dependent variations in fluorescence intensities of selected regions of interest
were analyzed, which did not overlap with vessels and were corrected for lipofuscin
autofluorescence (Figure 7b) [17,101].

The kinetics of the permeation BBB were indicated by fluorescence (Figure 7b) emerg-
ing from the brain capillary with the intensity depending on the type of vector, and were
boosted by the presence of conjugated LLL. PMLA/rh in the absence of the peptides
was permeation inactive. The optical method used in the experiment distinguished the
permeating agents from lipofuscin of unknown composition in controls accumulated in
neurons of aging normal mice and in large amounts in transgenic Alzheimer’s disease
mouse models [17].

The distribution of mini nanoconjugates could be tracked deeply into parenchyma,
but faded with time after 2 h and disappeared 4 h after injection using the time-dependent
concentration in the blood system (pharmacokinetics) as a reference (Figure 7c). At fixed
times, fluorescence levels were highest in the cortex and midbrain and lowest in the
hippocampus, and correlated with the density of vasculature in these regions and increased
with the dose of the injected mini nanoconjugates [15].

Pharmacokinetics were measured microscopically by following the decrease in vascu-
lar fluorescence intensity (Figure 7c, red curve). The kinetics in the parenchyma lagged
behind the exponential fluorescence decay in the vasculature (Figure 7d), which reflected
the influx from the capillary and a retrograde reflux to the blood vessels, in accordance
with the bidirectionality of AP2 transcytosis through the vascular endothelium [70,71] and
the absence of receptors that could have retained the reagent in the parenchyma.
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(AP2). Significance level is p ≤ 0.0001 (***) with injected PBS as a reference. (c) Pharmacokinetics (PK) 
of P/LLL/AP2/rh in serum (black curve) compared with the fluorescence decay in the micro vessels 
of the brain and cortex layers II/III (red curve), after tail vein injection. (d) Early steady-state accu-
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before major clearance from the vasculature (see (c)). Data plots and statistical analysis were con-
ducted in Prism [17]. Reagent contents are as follows: P, poly(β-L-malic acid); rh, rhodamine and 
indicated vectors. Reproduced with permission from [17]. 
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Figure 7. Mini nano carriers (MNCs) move across the blood–brain barrier (BBB) into brain
parenchyma. (a) Ex vivo fluorescence microscopy of a mouse brain section from cortex layer II/III
shows appearance of MNCs (P/LLL/AP2/rh) around the vasculature (in red) indicated as diffuse
white material at 120 min after IV tail injection, converted to grey scale for quantification in the
figure. (b). Quantitation of three mini nanoconjugates in brain sections (such as in (a)) is shown at
different injected doses: P/LLL/AP2/rh (red), P/AP2/rh (green), and P/LLL/rh/ (blue). Compar-
ison indicates the boosting effect of conjugated tri-leucine (LLL) on permeation of peptide vector
Angiopep-2 (AP2). Significance level is p ≤ 0.0001 (***) with injected PBS as a reference. (c) Pharma-
cokinetics (PK) of P/LLL/AP2/rh in serum (black curve) compared with the fluorescence decay in
the micro vessels of the brain and cortex layers II/III (red curve), after tail vein injection. (d) Early
steady-state accumulation of P/LLL/AP2/rh is indicated in brain parenchyma between 60 and
240 min after injection, before major clearance from the vasculature (see (c)). Data plots and statistical
analysis were conducted in Prism [17]. Reagent contents are as follows: P, poly(β-L-malic acid); rh,
rhodamine and indicated vectors. Reproduced with permission from [17].

3.2. Example 2: PMLA-Based Mini-Nano Imaging Agents (MNIAs) for Deep Brain Tumor
Imaging by MRI Analysis and Near Infra-Red Fluorescence-Guided Tumor Resectinon
Mini MRI-Contrast Agents

MRI in diagnosis of xenogeneic brain tumors has been performed using specific
antibody-guided PMLA gadolinium imaging probes [80]. The probes had the general
formula P/Gd-DOTA (10–12%)/mAb-tumor (0.12%)/MsTfR-mAb (0.12%)/Alexa-680 (1%).
The MRI-enhancer was composed of PMLA polymer (denoted as P in the formula, with
average Mw 74,000 g/mol), 1–2 molecules trastuzumab (anti-HER2 mAb) or 1–2 molecules
cetuximab (anti-EGFR mAb), 1–2 molecules anti-mouse TfR mAb and 1–2 molecules
anti-human TfR mAb, 62–74 molecules of gadolinium-tetraazacyclo dodecane tetra acetic
acid (Gd-DOTA), and 6 molecules of Alexa Fluor 680 dye.

The probes had a hydrodynamic diameter of 16 nm and a zeta-potential of −7 to
−9 mV [80]. The hydrodynamic diameters were larger, but in the range of mini-nano de-
vices (17 nm probe, compared with <10 nm of MNDs), and functioned as contrast agents re-
sponding specifically to either EGFR or HER-overexpressing primary and metastatic human
cancers in pre-clinical nude mice studies (Figure 8). The tumor-specific signal allowed local-
ization of the tumors and their growth kinetics in the clinical diagnoses [80]. In follow-up ex-
periments, the tumor-targeting antibodies were successfully replaced by angiopep-2 (AP2),
a LRP-1 ligand for BBB transcytosis [35]. The new PMLA (Mw 60,000 g/mol)-based mini-
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contrast agent (MNIA) P/AP2(1%)/PEG600(GdDOTA)3(10%)/rh(0.5%) was synthesized
following established chemistry [25,35,80], having a Mw of 270.3 g/mol, hydrodynamic diame-
ter of 9.4 ± 1.6 nm, and zeta-potential of −8.2 ± 1.06 mV injected in 100 µmol Gd/Kg [35,80].
A further miniaturized probe of PMLA/PEG600(Gd-DOTA)3(10%)/ AP2(1%)/ rh(0.5%),
PMLA(20,000 g/mol), and MNIA-Mw 89 g/mol, with a hydrodynamic diameter of
5.2 ± 1.1 nm, and a zeta-potential of −5.4 ± 0.41 mV, was, however, inactive.
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Figure 8. Tumor-specific nano MRI-contrast agents for virtual biopsy in the brain [80]. Example for specific detection of
HER2+ metastatic breast tumor in the EGFR/HER2+ double-tumor nude mouse-model by analysis using HER2-specific
nano imaging agent. (a) MRI scans of mice with double tumors, a primary GBM (U87MG, EGFR+) in the left hemisphere,
and a metastatic breast cancer (BT-474, HER2+) in the right hemisphere. MRI at 20 min after IV injection of an agent specific
for HER2+, (P/Gd-DOTA/ trastuzumab/MsTfR-mAb/Alexa-680, (b) together with an agent specific for the EGFR tumor.
Contrasts were equal for both agents (a,c). Later in time, only the HER2+ tumor retained high contrast, while the contrast
for EGFR faded (c). High contrast in the targeted HER2+ tumor was maintained at 3 h (* p < 0.05 at 60 min; *** p < 0.001 at
120 and 180 min). H&E-stained brain sections showed the presence of the two tumors (d) control by specific staining: HER2+

tumor (red), GBM (EGFR) (green). Gd-DOTA, gadolinium-tetraaza-cyclododecane tetraacetic acid; U87MG, glioblastoma
multiforme; BT-474, HER2-positive breast cancer; TfR, transferrin receptor. Reproduced with permission from [80].

3.3. Example 3: Image-Guided Resection of Glioblastoma

Indocyanine green (ICG) fluorescence in conjugation with Chlorotoxin (CTX), a venom-
derived peptide of the deathstalker scorpion (Leiurus quinquestriatus, molecular mass of
3996 g/mol), is a glioma targeting device when conjugated with PMLA/LLL [34] (Figure 9
and Table 2). CTX has affine targeting ability for glioblastoma, and ICG is an FDA-approved
NIR-fluorescent agent [34] with the composition P/LLL(40%)/CTX(1.5%)/ICG(2%) (Figure 9),
with NIR fluorescence at 800 nm wavelength (570/600 nm excitation). The IV injected
mini-nano agent accumulates in the brain [43–45]. Tri-leucine peptide LLL, when co-loaded
to the agent, induces a sevenfold increase in fluorescence intensity (Figure 9a–c).
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Figure 9. Imaging guided precision resection of glioblastoma. (a) Schematic of PMLA nanoconjugate
as glioma-specific mini-nano imaging agent (MNIA) containing CTX for tumor targeting and ICG
for near infrared (NIR) light emission stimulated by uptake into the tumor cells. (b) Schematic of
nanoconjugate P/LLL(40%)/CTX(1.5%)/ICG(2%). Tri-leucine between conjugated ICG enhances
fluorescence intensity [34]. (c) Strong fluorescence enhancement demonstrated by dilution comparing
nanoconjugate with/out attached tri-leucine LLL. (d) Following fluorescence during resection using
a hand-held detector. (e) Schematic model for P/LLL(40%)/CTX(1.5%)/ICG(2%) binding to tumor
before internalization. (a,d) [34]. Reproduction from [34] with copyright permission of Elsevier.

The specificity of the MNIA agent P/LLL/CTX/ICG was studied by flow cytometry
and fluorescence microscopy [34], comprising binding to glioma cells and competition with
constituents of the NMIA. Distinct and overlapping binding sites are identified for CTX
and PMLA/LLL. The attachment of P/LLL(40%) to cell membrane is supported by energy-
based structure calculation [34,92,93]. Cooperativity of PMLA/LLL- and CTX-binding
involves structural rearrangement of the membrane for permeation [17].

3.4. Example 4: PMLA-Based Mini-Nano Drugs for the Treatment of HER-Positive Breast Cancer
Conventional Cancer Targeting by Antibodies

Pharmaceutically nano drugs based on PMLA have been proven to be successful for
treating human cancers carried in mouse models [6,14,24,25,80,96,97]. An example is the
treatment of HER2+ (positive) breast cancer with the nano drug P(100 kDa)/mPEG(5%)/
LOEt(40%)/AON/Herceptin/m-TfR, which resulted in the complete regression of the
breast cancer [24] (Figure 10). This treatment required escape of the nano drug from the
vasculature and subsequent permeation of the tumor matrix and tumor cell membranes
achieved by the combined sequential action of antibodies against TfR and anti-HER2
(Herceptin). Because the synthetic nanodrug contained the two targeting antibodies, it
had a hydrodynamic diameter of 22.1 ± 2.3 nm and a zeta-potential of −5.2 ± 0.4 mV,
thus not qualifying as a mini-nanodrug (<10 nm). The nanoconjugate contained L-leucine
ethyl-ester (LOEt(40%)) for permeation through endosomal membrane into cytoplasmic in
order to achieve AON delivery for the inhibition of HER2 synthesis [24].
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over time. (c) Western blotting after injection of PBS control, lead nano drug, and synthetic intermediates. Akt, serine/thre-
onine-specific protein kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HER2, human epidermal growth fac-
tor receptor 2; LOEt, leucine ester; PARP, poly(ADP-ribose) polymerase; PBS, phosphate-buffered saline; PEG, polyeth-
ylene glycol; P or PMLA, poly (β-L-malic acid). Reproduced under AACR Author reuse license from [94]. 
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Figure 10. Growth inhibition of human HER2+ breast tumor in preclinical studies of nude mice treated with the conventional
PMLA-nanoconjugate containing HER2-antisense oligonucleotide (AONHer2 blocking mRNAHer2), trastuzumab (Herceptin),
and anti-mouse TfR antibody (m-TfR). Lead nanodrug P(100 kDa)/mPEG(5%)/LOEt(40%)/AON/Herceptin/m-TfR) [94].
(a) Mice after controls or multiple injection of the nanodrug or synthesis intermediates displayed in inset (b); after multiple
injections in upper images (a). H&E staining in lower images (a). (b) Inhibition of tumor growth over time. (c) Western
blotting after injection of PBS control, lead nano drug, and synthetic intermediates. Akt, serine/threonine-specific protein
kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HER2, human epidermal growth factor receptor 2; LOEt,
leucine ester; PARP, poly(ADP-ribose) polymerase; PBS, phosphate-buffered saline; PEG, polyethylene glycol; P or PMLA,
poly (β-L-malic acid). Reproduced under AACR Author reuse license from [94].

By replacing the antibodies with the HER2-mimetic peptide, AHNP (Figures 11 and 12)
and the LOEt with the non-toxic tri-leucine LLL, the mini-nanodrug [23] was synthe-
sized. To prevent the designed peptide AHNP from refolding onto P/LLL, it was conju-
gated with an eight-arm linker starPEG [23]. The mini-nano carrier with the composition
P(50 kDa)/LLL(40%)/starPEG(PEG200AHNP2)(2%)/AON(1.5%) [23] was ligated with ei-
ther AON, 5′-CATGGTGCTCACTGCGGCTCCGGC-NH2-3′ for inhibiting mRNA-directed
HER2 synthesis [25], or with toxic docetaxel (DTX, 5%) (Figure 11c). In Figure 11, DTX
was esterified with PMLA via the acid-labile link in the 2′-position of DTX [102]. The
mini-nanodrug P(95 kDa)/LLL(40%)/starPEG(PEG200-AHNP)2(2%)/DTX(5%) (Figure 11)
The mini-nanodrugs had a hydrodynamic diameter of 7.8 nm. After the PMLA(LLL40%)-
induced membranolytic release into the cytoplasm [92,93] of the HER2+ cancer cells,
significant growth inhibition was achieved (Figure 12), which was comparable with the
treatment by the antibody-containing nanodrugs [94].
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Figure 11. Synthesis of mini-nano drugs replacing antibodies by HER2 affine peptide. (a) Structure
of the MNDs. (b) AONHER2, antisense oligonucleotide (AON) used in experiments in Figures 11 and 12.
(c) Inhibition by Docetaxel used instead of AON. (d) HER2-mimetic vector (anti-HER2/neu-peptide
AHNP (hydrophobic amino acids in red); HER2, human epidermal growth factor receptor 2;
LLL, tri-leucine; PEG, polyethylene glycol; PMLA, poly(β-L-malic acid). Reproduction with
permission [23,25].
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Figure 12. Mini-nanodrugs that inhibit growth of HER2-positive breast cancer. (a) Schematic drawing
of mini-nanodrugs indicating numbers of ligands: AONHER2 (6 molecules) [23] or docetaxel (DTX,
43 molecules). (b) Growth inhibition following injections of mini-nanodrug containing AON, DTX,
and LLL. AON, antisense oligonucleotide; AHNP, anti-HER2/neu peptide; HER2, human epidermal
growth factor receptor 2; LLL, tri-leucine; PBS, phosphate-buffered saline; PMLA, poly(β-L-malic
acid). Reproduced and modified under Creative Commons License from [23].
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4. Summary of Distinguished Features of PMLA-Based Mini-Nano Devices
4.1. Multifunctionality of the Mini-Nano Device

Presented above are several cases of mini-nano devices that function as vehicles
across normal and tumor (BBB) barriers performing high-grade delivery, imaging, and
antitumor treatment. The signature structure of mini-nano devices contains PMLA and
other similar structured polyfunctional polymers as single platforms. The single bonded
polymer backbone displays a high degree of conformational freedom, allowing the display
of multiple attached ligands and chemically reactive groups. In response, the platform is
able to adopt a variety of linear and coiled conformations of low energy receptor-specific
interactions. The moderate PMLA UV intrinsic absorbance below 250 nm wavelength and
the moderate zeta-potential of free and ligand-substituted PMLA allows a short distance
to macromolecules and membranes. Biodegradability, either spontaneous or enzymatical,
excludes long-lasting depositions, minimizing immunogenic and toxic side effects [14].
The relative short PK-t1/2 in blood and yet a sufficiently effective escape into vascular
endothelial layers render mini-nano devices valuable tools for imaging and treatment
purposes, especially of CNS.

4.2. Cascade Targeting Affording Attachment of Several Peptides per MNC

The simple chemical attachment of multiple functional groups at the polymer platform
opens the door for efficient delivery downstream of multiple barriers (Figure 6). 3D-printed
Transwell [103] or spheroid [104] models offering precise cells layers could be used in the
development of such cascade routes. Optical tracing can provide information about a
time-resolved microscopic location of the fluorescent MNC under the influence of the
microenvironment, barrier receptor affinity, size, length, and shape [17]. Brain barrier,
permeation through the BBB, the extracellular matrix, basal lamina, pericytes, astrocytes,
and neurons could be studied. In addition, retrograde reactions can be discovered by
comparing MNC extra vascularization kinetics, residing times, and serum (PK) clearance
kinetics [17].

4.3. Optimal Settings of Mini Nano Devices (MNDs)

There are several possibilities for improving the efficacy of MNDs: (1) An appropri-
ate choice of reversibly bound ligands that have ligand–receptor dissociation constants
Kd > 10 nmol/L to avoid carriage blocking. (2) Increase the percent loading with receptor
ligands, but being careful to not overload owing to molecular crowding that could reduce
efficacy [15]. (3) Load the nano conjugate platform with a mix of shuttle peptides (vec-
tors) targeting several routes of cross-BBB-pathways, but again being aware of molecular
crowding. (4) Allow an increased uptake-time into the brain vascular endothelial cell by
prolonging blood circulation. Achieve this by attaching stealth mPEG5000 (2–5%) onto
the nano conjugate. Be aware that this measure can lead to deposition and cytotoxicity.
(5) Principal possibility of selective or deep movement into tissue by the use of barrier-
specific receptor ligands (see cascades); however, technology is not well developed. Use a
vector in the terminal cascade-position with highest possible affinity or replace with an
irreversible terminal reaction (Figure 6).

5. Comparison with Non-PMLA Types of Mini-Nano Devices

Gadolinium benzyl diethyl triamine penta-acetic acid (Gd-Bz-DTPA) functionalized
poly amido-amine (PAMAM) dendrimers with diameters of 11.7 to 11.9 nm have been
applied for glioblastoma MRI [54]. HPMA copolymer-based conjugates for the delivery
and controlled release of retinoids with hydrodynamic diameters of 7.4 nm to 12 nm
have been synthesized and reported to induce the differentiation of retinoid-responsive
HL-60 cells [105]. Other MNCs named ultra-small nanoparticles (USNPs) are reported
that contain diverse, mostly inorganic core particles, in particular gold (USAuNPs) and
iron oxides [60,106]. However, small-sized spherical metal particles such USAuNP below
10 nm in diameter can strongly deviate from matrix-imbedded metal particles of >15 nm in
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affinity, stability, toxicity, and biodistribution [10,106]. Aggregated, USAuNPs and other
aggregated metal particles have significantly higher affinities and longer circulation times,
and clear from the blood through the liver. Free metal surfaces can cause toxicity by
radical formation, reactive oxygen species (ROS) production, and aggregation [107–110].
Historically, quantum dots consisting of a variety of inorganic cores have been introduced
because of their attractive intensive light emission; however, they can be toxic owing to the
exposure of their metal cores. Light-emitting “conjugated polymer nanoparticles” (CPNs)
on organic chemistry basis have been developed, which contain conjugated cyclic carbon
systems for imaging and theragnostic purposes [111], and compete with the application of
inorganic quantum dots. Mini-nano PMLA-platforms are organic and biodegradable by
spontaneous hydrolytic cleavage or by hydrolytic enzymes into reusable building blocks or
water and CO2. Although the organic ultra-small quantum dots are comparable to PMLA
mini nano imaging (MNIA) reagents in size, they are different in the chemistry of their not
nature-derived platforms, containing branched cyclic or metal core components, owing
to toxicity, not undergoing reversible helix-coil structural changes (involving low to high
axial ratios owned by PMLA-built agents), not undergoing degradation to ultimately water
and carbon dioxide, yet forming radicals or long-lived depositions of immune responsive
and toxic material. Nevertheless, their application still lies in the field of imaging with
superior resolution [1].

The new developments are organic ultra-small quantum dots, which are comparable
in size to PMLA-derived mini-nano imaging agents. However, their different biochemistry
including the possibility of toxicity is unsolved. Nevertheless, their application still lies in
the field of imaging with superior resolution.

6. Summary and Conclusions

Small-sized co-polymers are excellent candidates for targeted deep tissue drug deliv-
ery and imaging over relatively short exposure times and when nature-derived, providing
a high degree of safety. Unlike USNPs (i.e., core metal nanoconjugates), mini nano de-
vices (MNDs), containing a choice of natural derived and organic chemistry and owing
to their molecular size compared with conventional pharmaceutics, may combine proven
advantageous drug properties. Their tissue accessibility in general rests on their hydrody-
namic shape and small size and, in particular, on the amphiphilic structure of polymalic
acid nanoplatform in the favorable chosen example. While their general size and shapes
favor a broad tissue distribution, their tissue specificity can be modulated by their multiple
cargo in combination with the amphiphilicity of the platform. This multiplicity renders
them highly variable in the choice of tissue targetability, biocompatibility, and tissue pene-
tration depth. Peptides by means of ligands with variable low and high receptor affinities
are selectable as ligands for high and low receptor affinity without dramatically increasing
the size of the nanodrug. The multivalent mini nanoconjugates of PMLA are structurally
and functionally programmed by the attachment of a variety of small molecules without
giving up their qualification as mini-nano devices. Nevertheless, antibodies or other large
molecules can be co-attached for inferring prolonged blood circulation or specific immuno-
logical activities, but at the same, the substitutions are prone to negatively affecting the
original advantages of the small-sized carriers. In another aspect, although metal core
USNPs are powerful small nanodevices for imaging, their stiff physical shape may exclude
combined contacts of several ligands with surface-distributed receptors on cell targets.
Mini-nano carriers by their linear arrangement of loaded ligands and the dynamic adapt-
ability of the polymeric platform could combine interactions with difficult to approach
cell surfaces. The examples described in Section 3 elucidate the functions of mini nano
devices in image-guided tumor diagnosis; image-guided resection and drug treatment; and,
in all cases, a deep permeation of targets. Because of the numerous applications, PMLA
mini-nano carriers have the potential [112] to move to the pharma market after upscaling
their production chemistry. Importantly, their dynamic structure and multiple small-sized
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cargo ligands favor simultaneous receptor binding for theranostic and combination therapy.
The versatility significantly challenges new ideas for application in clinics.
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Appendix A

Model Calculations

The distribution in free ligands or receptors exemplified by the quasi-equilibrium
approach. The calculations in Table A1 are based on Equations (4a) and (4b) in the reaction
scheme in Figure 5. We restricted the conditions so that [L]o ≥ [R]o in Equation (4a) and
[R]o ≥ [L]o in Equation (4b), implying that the concentration of the ligand–receptor com-
plex [LR] is negligible against concentrations [L]o and [R]o, as indicated. In the following
representative cases #5, #6, #11, and #17 (Table A1) with concentrations [L]o > [R]o and
[R]o < Kd = [L]o, we find that the relative activities [R]/[R]o are highly favorable (50%).
In cases #7 and #8 (similar conditions to cases #5 and #6, except for increased [L]o), the
relative activities are 33% and similar to case #10, with higher values of Kd, [L]o, and
[R]o. Cases #12 to #16 all show excellent relative activities (range of 83% to 95%) at further
increased values of Kd > [L]o, [R]o. In contrast, when the relative differences between Kd
and [R]o were reduced, as in cases #1, #2, #3, #4, and #9, the relative activities became
highly unfavorable (<10%). The examples illustrate that the concentrations of free ligand
and receptor must be lower than the value of Kd in order to achieve high [R]/[R]o relative
receptor ratios, i.e., permeation efficacies. It should not be overlooked that this favorable
ratio [R]/[R]o is restricted by the condition [L]o ≤ Kd. Thus, high transcytosis is achievable
for low vector–receptor binding affinities. Otherwise, transcytosis is not efficient or even
stalled at the highest concentrations of [L]o > Kd ≤ 1 nM.

Table A1. Transcytosis efficacy is expressed as the ratio of the concentration of free receptor to total
receptor ([R]/[R]o).

Case # Kd (nM) [R]o (nM) [L]o (nM) [LR] (nM) [R] (nM) [R]/[R]o (%)

1 1 1 10 0.909 0.091 9.0
2 1 2 10 1.818 0.182 9.1
3 1 1 20 0.952 0.048 4.8
4 1 2 20 1.905 0.095 4.8
5 10 1 10 0.5 0.5 50
6 10 2 10 1.0 1.0 50
7 10 1 20 0.667 0.333 33
8 10 2 20 1.333 0.667 33
9 10 4 100 3.696 0.364 9.1

10 50 4 100 2.667 1.333 33
11 100 4 100 2.0 2.0 50
12 100 1 10 0.091 0.909 91

For Kd ≥ [L]o > [R]o and values of Kd = 1 nM to 10 nM, concentrations of receptor = 1–10 nM and concentrations
of vector = 10–1000 nM. Data were calculated using Equation (4a) (see Figure 5). Kd, equilibrium dissociation
constant of vector–receptor complex formation; L, vector portion of the nanoconjugate; [L]o, total concentration of
vector contained in the nanoconjugate (L); R, receptor binding the vector; [R], concentration of free receptor; [R]o,
total concentration of receptor; [LR], concentration of ligand–receptor complexes.



Nanomaterials 2021, 11, 2996 24 of 28

References
1. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for

drug delivery. Nat. Rev. Drug Discov. 2021, 20, 102–124. [CrossRef]
2. Wais, U.; Jackson, A.W.; He, T.; Zhang, H. Nanoformulation and encapsulation approaches for poorly water-soluble drug

nanoparticles. Nanoscale 2016, 8, 1746–1769. [CrossRef] [PubMed]
3. Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. Acs Nano 2009, 3, 16–20. [CrossRef]
4. Rabanel, J.M.; Aoun, V.; Elkin, I.; Mokhtar, M.; Hildgen, P. Drug-loaded nanocarriers: Passive targeting and crossing of biological

barriers. Curr. Med. Chem. 2012, 19, 3070–3102. [CrossRef] [PubMed]
5. Ljubimova, J.Y.; Sun, T.; Mashouf, L.; Ljubimov, A.V.; Israel, L.L.; Ljubimov, V.A.; Falahatian, V.; Holler, E. Covalent nano delivery

systems for selective imaging and treatment of brain tumors. Adv. Drug Deliv. Rev. 2017, 113, 177–200. [CrossRef] [PubMed]
6. Mundargi, R.C.; Babu, V.R.; Rangaswamy, V.; Patel, P.; Aminabhavi, T.M. Nano/micro technologies for delivering macromolecular

therapeutics using poly (D, L-lactide-co-glycolide) and its derivatives. J. Control. Release 2008, 125, 193–209. [CrossRef]
7. Hosta-Rigau, L.; Schattling, P.; Teo, B.M.; Lynge, M.E.; Städler, B. Recent progress of liposomes in nanomedicine. J. Mater. Chem. B

2014, 2, 6686–6691. [CrossRef] [PubMed]
8. He, Q.; Shi, J. MSN anti-cancer nanomedicines: Chemotherapy enhancement, overcoming of drug resistance, and metastasis

inhibition. Adv. Mater. 2014, 26, 391–411. [CrossRef]
9. Firme, C.P., III; Bandaru, P.R. Toxicity issues in the application of carbon nanotubes to biological systems. Nanomed. Nanotechnol.

Biol. Med. 2010, 6, 245–256. [CrossRef]
10. Schmid, G.; Kreyling, W.G.; Simon, U. Toxic effects and biodistribution of ultrasmall gold nanoparticles. Arch. Toxicol. 2017, 91,

3011–3037. [CrossRef]
11. Ren, H.; Huang, X. Polyacrylate nanoparticles: Toxicity or new nanomedicine? Eur. Respir. J. 2010, 36, 218–221. [CrossRef]
12. Hofmann-Amtenbrink, M.; Grainger, D.W.; Hofmann, H. Nanoparticles in medicine: Current challenges facing inorganic

nanoparticle toxicity assessments and standardizations. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 1689–1694. [CrossRef]
[PubMed]

13. Xie, M.; Liu, D.; Yang, Y. Anti-cancer peptides: Classification, mechanism of action, reconstruction and modification. Open Biol.
2020, 10, 200004. [CrossRef]

14. Ljubimova, J.Y.; Portilla-Arias, J.; Patil, R.; Ding, H.; Inoue, S.; Markman, J.L.; Rekechenetskiy, A.; Konda, B.; Gangalum, P.R.;
Chesnokova, A.; et al. Toxicity and efficacy evaluation of multiple targeted polymalic acid conjugates for triple-negative breast
cancer treatment. J. Drug Target. 2013, 21, 956–967. [CrossRef] [PubMed]

15. Göttler, T.; Holler, E. Screening for β-poly (l-malate) binding proteins by affinity chromatography. Biochem. Biophys. Res. Commun.
2006, 341, 1119–1127. [CrossRef]

16. Angerer, B.; Holler, E. Large Complexes of. β-Poly (l-malate) with DNA Polymerase. alpha, Histones, and Other Proteins in
Nuclei of Growing Plasmodia of Physarum polycephalum. Biochemistry 1995, 34, 14741–14751. [CrossRef] [PubMed]

17. Israel, L.L.; Braubach, O.; Galstyan, A.; Chiechi, A.; Shatalova, E.S.; Grodzinski, Z.; Ding, H.; Black, K.L.; Ljubimova, J.Y.; Holler, E.
A Combination of Tri-Leucine and Angiopep-2 Drives a Poly-Anionic Polymalic Acid Nanodrug Platform Across the Blood-Brain
Barrier. ACS Nano 2019, 13, 1253–1271. [CrossRef] [PubMed]

18. Stylianopoulos, T.; Munn, L.L.; Jain, R.K. Reengineering the Physical Microenvironment of Tumors to Improve Drug Delivery
and Efficacy: From Mathematical Modeling to Bench to Bedside. Trends Cancer 2018, 4, 292–319. [CrossRef]

19. Bien-Ly, N.; Yu, Y.J.; Bumbaca, D.; Elstrott, J.; Boswell, C.A.; Zhang, Y.; Luk, W.; Lu, Y.; Dennis, M.S.; Weimer, R.M. Transferrin
receptor (TfR) trafficking determines brain uptake of TfR antibody affinity variants. J. Exp. Med. 2014, 211, 233–244. [CrossRef]

20. Song, X.; Li, R.; Deng, H.; Li, Y.; Cui, Y.; Zhang, H.; Dai, W.; He, B.; Zheng, Y.; Wang, X.; et al. Receptor mediated transcytosis in
biological barrier: The influence of receptor character and their ligand density on the transmembrane pathway of active-targeting
nanocarriers. Biomaterials 2018, 180, 78–90. [CrossRef]

21. Tian, X.; Leite, D.M.; Scarpa, E.; Nyberg, S.; Fullstone, G.; Forth, J.; Matias, D.L.; Apriceno, A.; Poma, A.; Duro-Castano, A.;
et al. On the shuttling across the blood-brain barrier via tubules formation: Mechanism and cargo avidity bias. Sci. Adv. 2020,
6, eabc4397. [CrossRef]

22. Dai, Q.; Wilhelm, S.; Ding, D.; Syed, A.M.; Sindhwani, S.; Zhang, Y.; Chen, Y.Y.; MacMillan, P.; Chan, W.C. Quantifying the
ligand-coated nanoparticle delivery to cancer cells in solid tumors. ACS Nano 2018, 12, 8423–8435. [CrossRef] [PubMed]

23. Ding, H.; Gangalum, P.R.; Galstyan, A.; Fox, I.; Patil, R.; Hubbard, P.; Murali, R.; Ljubimova, J.Y.; Holler, E. HER2-positive breast
cancer targeting and treatment by a peptide-conjugated mini nanodrug. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 631–639.
[CrossRef] [PubMed]

24. Ding, H.; Inoue, S.; Ljubimov, A.V.; Patil, R.; Portilla-Arias, J.; Hu, J.; Konda, B.; Wawrowsky, K.A.; Fujita, M.; Karabalin, N.; et al.
Inhibition of brain tumor growth by intravenous poly(β-L-malic acid) nanobioconjugate with pH-dependent drug release. Proc.
Natl. Acad. Sci. USA 2010, 107, 18143–18148. [CrossRef]

25. Ljubimova, J.Y.; Ding, H.; Portilla-Arias, J.; Patil, R.; Gangalum, P.R.; Chesnokova, A.; Inoue, S.; Rekechenetskiy, A.; Nassoura,
T.; Black, K.L.; et al. Polymalic Acid-based nano Biopolymers for Targeting of Multiple Tumor Markers: An Opportunity for
Personalized Medicine? J. Vis. Exp. (JoVE) 2014, 88, e50668. [CrossRef]

26. Rathberger, K.; Reisner, H.; Willibald, B.; Molitoris, H.-P.; Holler, E. Comparative synthesis and hydrolytic degradation of poly
(L-malate) by myxomycetes and fungi. Mycol. Res. 1999, 103, 513–520. [CrossRef]

http://doi.org/10.1038/s41573-020-0090-8
http://doi.org/10.1039/C5NR07161E
http://www.ncbi.nlm.nih.gov/pubmed/26731460
http://doi.org/10.1021/nn900002m
http://doi.org/10.2174/092986712800784702
http://www.ncbi.nlm.nih.gov/pubmed/22612696
http://doi.org/10.1016/j.addr.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28606739
http://doi.org/10.1016/j.jconrel.2007.09.013
http://doi.org/10.1039/C4TB00825A
http://www.ncbi.nlm.nih.gov/pubmed/32261865
http://doi.org/10.1002/adma.201303123
http://doi.org/10.1016/j.nano.2009.07.003
http://doi.org/10.1007/s00204-017-2016-8
http://doi.org/10.1183/09031936.00022410
http://doi.org/10.1016/j.nano.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26051651
http://doi.org/10.1098/rsob.200004
http://doi.org/10.3109/1061186X.2013.837470
http://www.ncbi.nlm.nih.gov/pubmed/24032759
http://doi.org/10.1016/j.bbrc.2006.01.064
http://doi.org/10.1021/bi00045a015
http://www.ncbi.nlm.nih.gov/pubmed/7578082
http://doi.org/10.1021/acsnano.8b06437
http://www.ncbi.nlm.nih.gov/pubmed/30633492
http://doi.org/10.1016/j.trecan.2018.02.005
http://doi.org/10.1084/jem.20131660
http://doi.org/10.1016/j.biomaterials.2018.07.006
http://doi.org/10.1126/sciadv.abc4397
http://doi.org/10.1021/acsnano.8b03900
http://www.ncbi.nlm.nih.gov/pubmed/30016073
http://doi.org/10.1016/j.nano.2016.07.013
http://www.ncbi.nlm.nih.gov/pubmed/27520726
http://doi.org/10.1073/pnas.1003919107
http://doi.org/10.3791/50668
http://doi.org/10.1017/S0953756298007680


Nanomaterials 2021, 11, 2996 25 of 28

27. Fischer, H.; Erdmann, S.; Holler, E. An unusual polyanion from Physarum polycephalum that inhibits homologous DNA-
polymerase. alpha. in vitro. Biochemistry 1989, 28, 5219–5226. [CrossRef]

28. Lee, B.-S.; Vert, M.; Holler, E. Water-soluble aliphatic polyesters: Poly(malic acid)s. In Biopolymers; Doi, Y., Steinbüchel, A., Eds.;
Wiley-VCH: Weinheim, Germany, 2002; pp. 75–103.

29. Cammas, S.; Guerin, P.; Girault, J.; Holler, E.; Gache, Y.; Vert, M. Natural poly (L-malic acid): NMR shows a poly (3-hydroxy
acid)-type structure. Macromolecules 1993, 26, 4681–4684. [CrossRef]

30. Vert, M.; Fournier, P.; Boustta, M.; Domurado, D.; Guérin, P.; Braud, C.; Holler, H. Poly (β-malic acid) and tailor-made derivatives:
Fate in vivo. Macromol. Rep. 1994, 31, 723–730.

31. Zeng, W.; Zhang, B.; Liu, Q.; Chen, G.; Liang, Z. Analysis of the L-malate biosynthesis pathway involved in poly (β-L-malic acid)
production in Aureobasidium melanogenum GXZ-6 by addition of metabolic intermediates and inhibitors. J. Microbiol. 2019, 57,
281–287. [CrossRef]

32. Regina, A.; Demeule, M.; Che, C.; Lavallee, I.; Poirier, J.; Gabathuler, R.; Beliveau, R.; Castaigne, J.P. Antitumour activity of
ANG1005, a conjugate between paclitaxel and the new brain delivery vector Angiopep-2. Br. J. Pharmacol. 2008, 155, 185–197.
[CrossRef]

33. Bertrand, Y.; Currie, J.-C.; Demeule, M.; Régina, A.; Ché, C.; Abulrob, A.; Fatehi, D.; Sartelet, H.; Gabathuler, R.; Castaigne, J.-P.;
et al. Transport characteristics of a novel peptide platform for CNS therapeutics. J. Cell. Mol. Med. 2010, 14, 2827–2839. [CrossRef]

34. Patil, R.; Galstyan, A.; Sun, T.; Shatalova, E.S.; Butte, P.; Mamelak, A.N.; Carico, C.; Kittle, D.S.; Grodzinski, Z.B.; Chiechi, A.
Polymalic acid chlorotoxin nanoconjugate for near-infrared fluorescence guided resection of glioblastoma multiforme. Biomaterials
2019, 206, 146–159. [CrossRef] [PubMed]

35. Patil, R.; Galstyan, A.; Grodzinski, Z.B.; Shatalova, E.S.; Wagner, S.; Israel, L.L.; Ding, H.; Black, K.L.; Ljubimova, J.Y.; Holler,
E. Single-and Multi-Arm Gadolinium MRI Contrast Agents for Targeted Imaging of Glioblastoma. Int. J. Nanomed. 2020, 15,
3057–3070. [CrossRef]

36. Staquicini, F.I.; Ozawa, M.G.; Moya, C.A.; Driessen, W.H.; Barbu, E.M.; Nishimori, H.; Soghomonyan, S.; Flores, L.G., 2nd; Liang,
X.; Paolillo, V. Systemic combinatorial peptide selection yields a non-canonical iron-mimicry mechanism for targeting tumors in a
mouse model of human glioblastoma. J. Clin. Investig. 2011, 121, 161. [CrossRef] [PubMed]

37. Kang, T.; Jiang, M.; Jiang, D.; Feng, X.; Yao, J.; Song, Q.; Chen, H.; Gao, X.; Chen, J. Enhancing Glioblastoma-Specific Penetration
by Functionalization of Nanoparticles with an Iron-Mimic Peptide Targeting Transferrin/Transferrin Receptor Complex. Mol.
Pharm. 2015, 12, 2947–2961. [CrossRef]

38. Huang, N.; Lu, S.; Liu, X.-G.; Zhu, J.; Wang, Y.-J.; Liu, R.-T. PLGA nanoparticles modified with a BBB-penetrating peptide
co-delivering Aβ generation inhibitor and curcumin attenuate memory deficits and neuropathology in Alzheimer’s disease mice.
Oncotarget 2017, 8, 81001. [CrossRef] [PubMed]

39. Xia, H.; Anderson, B.; Mao, Q.; Davidson, B.L. Recombinant human adenovirus: Targeting to the human transferrin receptor
improves gene transfer to brain microcapillary endothelium. J. Virol. 2000, 74, 11359–11366. [CrossRef] [PubMed]

40. Yin, T.; Yang, L.; Liu, Y.; Zhou, X.; Sun, J.; Liu, J. Sialic acid (SA)-modified selenium nanoparticles coated with a high blood–brain
barrier permeability peptide-B6 peptide for potential use in Alzheimer’s disease. Acta Biomater. 2015, 25, 172–183. [CrossRef]

41. Liu, Z.; Gao, X.; Kang, T.; Jiang, M.; Miao, D.; Gu, G.; Hu, Q.; Song, Q.; Yao, L.; Tu, Y. B6 peptide-modified PEG-PLA nanoparticles
for enhanced brain delivery of neuroprotective peptide. Bioconjugate Chem. 2013, 24, 997–1007. [CrossRef] [PubMed]

42. Oller-Salvia, B.; Sánchez-Navarro, M.; Ciudad, S.; Guiu, M.; Arranz-Gibert, P.; Garcia, C.; Gomis, R.R.; Cecchelli, R.; García, J.;
Giralt, E. MiniAp-4: A venom-inspired peptidomimetic for brain delivery. Angew. Chem. Int. Ed. 2016, 55, 572–575. [CrossRef]

43. Soroceanu, L.; Gillespie, Y.; Khazaeli, M.; Sontheimer, H. Use of chlorotoxin for targeting of primary brain tumors. Cancer Res.
1998, 58, 4871–4879. [PubMed]

44. Veiseh, M.; Gabikian, P.; Bahrami, S.B.; Veiseh, O.; Zhang, M.; Hackman, R.C.; Ravanpay, A.C.; Stroud, M.R.; Kusuma, Y.; Hansen,
S.J.; et al. Tumor Paint: A Chlorotoxin:Cy5.5 Bioconjugate for Intraoperative Visualization of Cancer Foci. Cancer Res. 2007,
67, 6882. [CrossRef]

45. Deshane, J.; Garner, C.C.; Sontheimer, H. Chlorotoxin inhibits glioma cell invasion via matrix metalloproteinase-2. J. Biol. Chem.
2003, 278, 4135–4144. [CrossRef] [PubMed]

46. Park, B.-W.; Zhang, H.-T.; Wu, C.; Berezov, A.; Zhang, X.; Dua, R.; Wang, Q.; Kao, G.; O’Rourke, D.M.; Greene, M.I. Rationally
designed anti-HER2/neu peptide mimetic disables p185 HER2/neu tyrosine kinases in vitro and in vivo. Nat. Biotechnol. 2000,
18, 194–198. [CrossRef] [PubMed]

47. Berezov, A.; Zhang, H.-T.; Greene, M.I.; Murali, R. Disabling erbB receptors with rationally designed exocyclic mimetics of
antibodies: Structure− function analysis. J. Med. Chem. 2001, 44, 2565–2574. [CrossRef]

48. Briand, J.P.; Muller, S.; Van Regenmortel, M.H. Synthetic peptides as antigens: Pitfalls of conjugation methods. J. Immunol.
Methods 1985, 78, 59–69. [CrossRef]

49. Fernandez, L.; Bustos, R.; Zapata, C.; Garcia, J.; Jauregui, E.; Ashraf, G. Immunogenicity in protein and peptide based-therapeutics:
An overview. Curr. Protein Pept. Sci. 2018, 19, 958–971. [CrossRef]

50. Sela-Culang, I.; Kunik, V.; Ofran, Y. The structural basis of antibody-antigen recognition. Front. Immunol. 2013, 4, 302. [CrossRef]
51. Burkovitz, A.; Leiderman, O.; Sela-Culang, I.; Byk, G.; Ofran, Y. Computational identification of antigen-binding antibody

fragments. J. Immunol. 2013, 190, 2327–2334. [CrossRef]

http://doi.org/10.1021/bi00438a045
http://doi.org/10.1021/ma00069a041
http://doi.org/10.1007/s12275-019-8424-0
http://doi.org/10.1038/bjp.2008.260
http://doi.org/10.1111/j.1582-4934.2009.00930.x
http://doi.org/10.1016/j.biomaterials.2019.03.029
http://www.ncbi.nlm.nih.gov/pubmed/30933776
http://doi.org/10.2147/IJN.S238265
http://doi.org/10.1172/JCI44798
http://www.ncbi.nlm.nih.gov/pubmed/21183793
http://doi.org/10.1021/acs.molpharmaceut.5b00222
http://doi.org/10.18632/oncotarget.20944
http://www.ncbi.nlm.nih.gov/pubmed/29113362
http://doi.org/10.1128/JVI.74.23.11359-11366.2000
http://www.ncbi.nlm.nih.gov/pubmed/11070036
http://doi.org/10.1016/j.actbio.2015.06.035
http://doi.org/10.1021/bc400055h
http://www.ncbi.nlm.nih.gov/pubmed/23718945
http://doi.org/10.1002/anie.201508445
http://www.ncbi.nlm.nih.gov/pubmed/9809993
http://doi.org/10.1158/0008-5472.CAN-06-3948
http://doi.org/10.1074/jbc.M205662200
http://www.ncbi.nlm.nih.gov/pubmed/12454020
http://doi.org/10.1038/72651
http://www.ncbi.nlm.nih.gov/pubmed/10657127
http://doi.org/10.1021/jm000527m
http://doi.org/10.1016/0022-1759(85)90329-1
http://doi.org/10.2174/1389203718666170828123449
http://doi.org/10.3389/fimmu.2013.00302
http://doi.org/10.4049/jimmunol.1200757


Nanomaterials 2021, 11, 2996 26 of 28

52. Niewoehner, J.; Bohrmann, B.; Collin, L.; Urich, E.; Sade, H.; Maier, P.; Rueger, P.; Stracke, J.O.; Lau, W.; Tissot, A.C. Increased
brain penetration and potency of a therapeutic antibody using a monovalent molecular shuttle. Neuron 2014, 81, 49–60. [CrossRef]

53. McCully, M.; Sanchez-Navarro, M.; Teixido, M.; Giralt, E. Peptide Mediated Brain Delivery of Nano-and Submicroparticles: A
Synergistic Approach. Curr. Pharm. Des. 2018, 24, 1366–1376. [CrossRef] [PubMed]

54. Sarin, H.; Kanevsky, A.S.; Wu, H.; Brimacombe, K.R.; Fung, S.H.; Sousa, A.A.; Auh, S.; Wilson, C.M.; Sharma, K.; Aronova, M.A.
Effective transvascular delivery of nanoparticles across the blood-brain tumor barrier into malignant glioma cells. J. Transl. Med.
2008, 6, 80. [CrossRef]

55. Tosi, G.; Fano, R.A.; Bondioli, L.; Badiali, L.; Benassi, R.; Rivasi, F.; Ruozi, B.; Forni, F.; Vandelli, M.A. Investigation on mechanisms
of glycopeptide nanoparticles for drug delivery across the blood–brain barrier. Nanomedicine 2011, 6, 423–436. [CrossRef]

56. Shamloo, A.; GhafarZadeh, E.; Alasty, A. Modeling and simulation of crossing magnetic nanoparticles through Blood Brain
Barrier (BBB). In Proceedings of the 2014 36th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Chicago, IL, USA, 26–30 August 2014; pp. 5280–5283.

57. Lee, K.L.; Hubbard, L.C.; Hern, S.; Yildiz, I.; Gratzl, M.; Steinmetz, N.F. Shape matters: The diffusion rates of TMV rods and
CPMV icosahedrons in a spheroid model of extracellular matrix are distinct. Biomater. Sci. 2013, 1, 581–588. [CrossRef]

58. Betzer, O.; Shilo, M.; Opochinsky, R.; Barnoy, E.; Motiei, M.; Okun, E.; Yadid, G.; Popovtzer, R. The effect of nanoparticle size on
the ability to cross the blood–brain barrier: An in vivo study. Nanomedicine 2017, 12, 1533–1546. [CrossRef]

59. Liu, X.; Sui, B.; Sun, J. Size-and shape-dependent effects of titanium dioxide nanoparticles on the permeabilization of the
blood–brain barrier. J. Mater. Chem. B 2017, 5, 9558–9570. [CrossRef] [PubMed]

60. Israel, L.L.; Galstyan, A.; Holler, E.; Ljubimova, J.Y. Magnetic iron oxide nanoparticles for imaging, targeting and treatment of
primary and metastatic tumors of the brain. J. Control. Release 2020, 320, 45–62. [CrossRef]

61. Maeda, H.; Fang, J.; Inutsuka, T.; Kitamoto, Y. Vascular permeability enhancement in solid tumor: Various factors, mechanisms
involved and its implications. Int. Immunopharmacol. 2003, 3, 319–328. [CrossRef]

62. Arvanitis, C.D.; Ferraro, G.B.; Jain, R.K. The blood–brain barrier and blood–tumour barrier in brain tumours and metastases. Nat.
Rev. Cancer 2020, 20, 26–41. [CrossRef]

63. Jolliet-Riant, P.; Tillement, J.P. Drug transfer across the blood-brain barrier and improvement of brain delivery. Fundam. Clin.
Pharmacol. 1999, 13, 16–26. [CrossRef]

64. Pardridge, W.M. Delivery of biologics across the blood–brain barrier with molecular Trojan horse technology. BioDrugs 2017, 31,
503–519. [CrossRef]

65. Pardridge, W.M. Drug and gene targeting to the brain with molecular Trojan horses. Nat. Rev. Drug Discov. 2002, 1, 131–139.
[CrossRef]

66. Pardridge, W.M.; Boado, R.J.; Giugliani, R.; Schmidt, M. Plasma pharmacokinetics of valanafusp alpha, a human insulin receptor
antibody-iduronidase fusion protein, in patients with mucopolysaccharidosis type I. BioDrugs 2018, 32, 169–176. [CrossRef]

67. Chang, R.; Al Maghribi, A.; Vanderpoel, V.; Vasilevko, V.; Cribbs, D.H.; Boado, R.; Pardridge, W.M.; Sumbria, R.K. Brain
Penetrating Bifunctional Erythropoietin–Transferrin Receptor Antibody Fusion Protein for Alzheimer’s Disease. Mol. Pharm.
2018, 15, 4963–4973. [CrossRef]

68. Yu, Y.J.; Atwal, J.K.; Zhang, Y.; Tong, R.K.; Wildsmith, K.R.; Tan, C.; Bien-Ly, N.; Hersom, M.; Maloney, J.A.; Meilandt, W.J.
Therapeutic bispecific antibodies cross the blood-brain barrier in nonhuman primates. Sci. Transl. Med. 2014, 6, 261ra154.
[CrossRef] [PubMed]

69. Yu, Y.J.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, J.M.; Prabhu, S.; Watts, R.J. Boosting brain uptake of a
therapeutic antibody by reducing its affinity for a transcytosis target. Sci. Transl. Med. 2011, 3, 84ra44. [CrossRef] [PubMed]

70. Georgieva, J.V.; Hoekstra, D.; Zuhorn, I.S. Smuggling drugs into the brain: An overview of ligands targeting transcytosis for drug
delivery across the blood–brain barrier. Pharmaceutics 2014, 6, 557–583. [CrossRef] [PubMed]

71. Dehouck, B.; Fenart, L.; Dehouck, M.-P.; Pierce, A.; Torpier, G.; Cecchelli, R. A new function for the LDL receptor: Transcytosis of
LDL across the blood–brain barrier. J. Cell Biol. 1997, 138, 877–889. [CrossRef] [PubMed]

72. Demeule, M.; Currie, J.C.; Bertrand, Y.; Che, C.; Nguyen, T.; Regina, A.; Gabathuler, R.; Castaigne, J.P.; Beliveau, R. Involvement
of the low-density lipoprotein receptor-related protein in the transcytosis of the brain delivery vector Angiopep-2. J. Neurochem.
2008, 106, 1534–1544. [CrossRef]

73. Demeule, M.; Regina, A.; Che, C.; Poirier, J.; Nguyen, T.; Gabathuler, R.; Castaigne, J.-P.; Beliveau, R. Identification and design of
peptides as a new drug delivery system for the brain. J. Pharmacol. Exp. Ther. 2008, 324, 1064–1072. [CrossRef] [PubMed]

74. Tian, X.; Nyberg, S.; Sharp, P.S.; Madsen, J.; Daneshpour, N.; Armes, S.P.; Berwick, J.; Azzouz, M.; Shaw, P.; Abbott, N.J.; et al.
LRP-1-mediated intracellular antibody delivery to the Central Nervous System. Sci. Rep. 2015, 5, 11990. [CrossRef] [PubMed]

75. Lu, W.; Xiong, C.; Zhang, R.; Shi, L.; Huang, M.; Zhang, G.; Song, S.; Huang, Q.; Liu, G.-y.; Li, C. Receptor-mediated transcytosis:
A mechanism for active extravascular transport of nanoparticles in solid tumors. J. Control. Release 2012, 161, 959–966. [CrossRef]

76. Preston, J.E.; Abbott, N.J.; Begley, D.J. Transcytosis of macromolecules at the blood–brain barrier. In Advances in Pharmacology;
Elsevier: Amsterdam, The Netherlands, 2014; Volume 71, pp. 147–163.

77. Pardridge, W.M. Vector-mediated drug delivery to the brain. Adv. Drug Deliv. Rev. 1999, 36, 299–321. [CrossRef]
78. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M. Alzheimer’s disease.

Lancet 2016, 388, 505–517. [CrossRef]

http://doi.org/10.1016/j.neuron.2013.10.061
http://doi.org/10.2174/1381612824666171201115126
http://www.ncbi.nlm.nih.gov/pubmed/29205110
http://doi.org/10.1186/1479-5876-6-80
http://doi.org/10.2217/nnm.11.11
http://doi.org/10.1039/c3bm00191a
http://doi.org/10.2217/nnm-2017-0022
http://doi.org/10.1039/C7TB01314K
http://www.ncbi.nlm.nih.gov/pubmed/32264570
http://doi.org/10.1016/j.jconrel.2020.01.009
http://doi.org/10.1016/S1567-5769(02)00271-0
http://doi.org/10.1038/s41568-019-0205-x
http://doi.org/10.1111/j.1472-8206.1999.tb00316.x
http://doi.org/10.1007/s40259-017-0248-z
http://doi.org/10.1038/nrd725
http://doi.org/10.1007/s40259-018-0264-7
http://doi.org/10.1021/acs.molpharmaceut.8b00594
http://doi.org/10.1126/scitranslmed.3009835
http://www.ncbi.nlm.nih.gov/pubmed/25378646
http://doi.org/10.1126/scitranslmed.3002230
http://www.ncbi.nlm.nih.gov/pubmed/21613623
http://doi.org/10.3390/pharmaceutics6040557
http://www.ncbi.nlm.nih.gov/pubmed/25407801
http://doi.org/10.1083/jcb.138.4.877
http://www.ncbi.nlm.nih.gov/pubmed/9265653
http://doi.org/10.1111/j.1471-4159.2008.05492.x
http://doi.org/10.1124/jpet.107.131318
http://www.ncbi.nlm.nih.gov/pubmed/18156463
http://doi.org/10.1038/srep11990
http://www.ncbi.nlm.nih.gov/pubmed/26189707
http://doi.org/10.1016/j.jconrel.2012.05.014
http://doi.org/10.1016/S0169-409X(98)00087-8
http://doi.org/10.1016/S0140-6736(15)01124-1


Nanomaterials 2021, 11, 2996 27 of 28

79. Perry, J.L.; Reuter, K.G.; Luft, J.C.; Pecot, C.V.; Zamboni, W.; DeSimone, J.M. Mediating passive tumor accumulation through
particle size, tumor type, and location. Nano Lett. 2017, 17, 2879–2886. [CrossRef]

80. Patil, R.; Ljubimov, A.V.; Gangalum, P.R.; Ding, H.; Portilla-Arias, J.; Wagner, S.; Inoue, S.; Konda, B.; Rekechenetskiy, A.;
Chesnokova, A.; et al. MRI Virtual Biopsy and Treatment of Brain Metastatic Tumors with Targeted Nanobioconjugates:
Nanoclinic in the Brain. ACS Nano 2015, 9, 5594–5608. [CrossRef] [PubMed]

81. Shen, F.; Rojas, O.J.; Genzer, J.; Gurgel, P.V.; Carbonell, R.G. Affinity interactions of human immunoglobulin G with short peptides:
Role of ligand spacer on binding, kinetics, and mass transfer. Anal. Bioanal. Chem. 2016, 408, 1829–1841. [CrossRef]

82. Pope, M.E.; Soste, M.V.; Eyford, B.A.; Anderson, N.L.; Pearson, T.W. Anti-peptide antibody screening: Selection of high affinity
monoclonal reagents by a refined surface plasmon resonance technique. J. Immunol. Methods 2009, 341, 86–96. [CrossRef]

83. Katsamba, P.S.; Navratilova, I.; Calderon-Cacia, M.; Fan, L.; Thornton, K.; Zhu, M.; Bos, T.V.; Forte, C.; Friend, D.; Laird-Offringa,
I. Kinetic analysis of a high-affinity antibody/antigen interaction performed by multiple Biacore users. Anal. Biochem. 2006, 352,
208–221. [CrossRef] [PubMed]

84. Canovi, M.; Markoutsa, E.; Lazar, A.N.; Pampalakis, G.; Clemente, C.; Re, F.; Sesana, S.; Masserini, M.; Salmona, M.; Duyckaerts,
C. The binding affinity of anti-Aβ1-42 MAb-decorated nanoliposomes to Aβ1-42 peptides in vitro and to amyloid deposits in
post-mortem tissue. Biomaterials 2011, 32, 5489–5497. [CrossRef]

85. Yang, D.; Singh, A.; Wu, H.; Kroe-Barrett, R. Comparison of biosensor platforms in the evaluation of high affinity antibody-antigen
binding kinetics. Anal. Biochem. 2016, 508, 78–96. [CrossRef]

86. Canziani, G.A.; Klakamp, S.; Myszka, D.G. Kinetic screening of antibodies from crude hybridoma samples using Biacore. Anal.
Biochem. 2004, 325, 301–307. [CrossRef]

87. Benveniste, M.; Mayer, M.L. Structure-activity analysis of binding kinetics for NMDA receptor competitive antagonists: The
influence of conformational restriction. Br. J. Pharmacol. 1991, 104, 207–221. [CrossRef]

88. Geng, L.; Wang, Z.; Yang, X.; Li, D.; Lian, W.; Xiang, Z.; Wang, W.; Bu, X.; Lai, W.; Hu, Z. Structure-based design of peptides with
high affinity and specificity to HER2 positive tumors. Theranostics 2015, 5, 1154. [CrossRef]

89. Nederpelt, I.; Bunnik, J.; IJzerman, A.P.; Heitman, L.H. Kinetic Profile of Neuropeptide–Receptor Interactions. Trends Neurosci.
2016, 39, 830–839. [CrossRef]

90. Lee, S.-M.; Booe, J.M.; Gingell, J.J.; Sjoelund, V.; Hay, D.L.; Pioszak, A.A. N-Glycosylation of asparagine 130 in the extracellular
domain of the human calcitonin receptor significantly increases peptide hormone affinity. Biochemistry 2017, 56, 3380–3393.
[CrossRef] [PubMed]

91. Oller-Salvia, B.; Sánchez-Navarro, M.; Giralt, E.; Teixidó, M. Blood–brain barrier shuttle peptides: An emerging paradigm for
brain delivery. Chem. Soc. Rev. 2016, 45, 4690–4707. [CrossRef] [PubMed]

92. Ding, H.; Portilla-Arias, J.; Patil, R.; Black, K.L.; Ljubimova, J.Y.; Holler, E. Distinct mechanisms of membrane permeation induced
by two polymalic acid copolymers. Biomaterials 2013, 34, 217–225. [CrossRef] [PubMed]

93. Ding, H.; Portilla-Arias, J.; Patil, R.; Black, K.L.; Ljubimova, J.Y.; Holler, E. The optimization of polymalic acid peptide copolymers
for endosomolytic drug delivery. Biomaterials 2011, 32, 5269–5278. [CrossRef]

94. Inoue, S.; Ding, H.; Portilla-Arias, J.; Hu, J.; Konda, B.; Fujita, M.; Espinoza, A.; Suhane, S.; Riley, M.; Gates, M.; et al. Polymalic
acid–based nanobiopolymer provides efficient systemic breast cancer treatment by inhibiting both HER2/neu receptor synthesis
and activity. Cancer Res. 2011, 71, 1454–1464. [CrossRef]

95. Patil, R.; Portilla-Arias, J.; Ding, H.; Konda, B.; Rekechenetskiy, A.; Inoue, S.; Black, K.L.; Holler, E.; Ljubimova, J.Y. Cellular
delivery of doxorubicin via pH-controlled hydrazone linkage using multifunctional nano vehicle based on poly (β-L-malic acid).
Int. J. Mol. Sci. 2012, 13, 11681–11693. [CrossRef]

96. Lee, B.-S.; Fujita, M.; Khazenzon, N.M.; Wawrowsky, K.A.; Wachsmann-Hogiu, S.; Farkas, D.L.; Black, K.L.; Ljubimova, J.Y.;
Holler, E. Polycefin, a New Prototype of a Multifunctional Nanoconjugate Based on Poly(β-l-malic acid) for Drug Delivery.
Bioconjugate Chem. 2006, 17, 317–326. [CrossRef]

97. Patil, R.; Portilla-Arias, J.; Ding, H.; Inoue, S.; Konda, B.; Hu, J.; Wawrowsky, K.A.; Shin, P.K.; Black, K.L.; Holler, E.; et al.
Temozolomide Delivery to Tumor Cells by a Multifunctional Nano Vehicle Based on Poly(β-L-malic acid). Pharm. Res. 2010, 27,
2317–2329. [CrossRef]

98. Schönenbrücher, H.; Adhikary, R.; Mukherjee, P.; Casey, T.A.; Rasmussen, M.A.; Maistrovich, F.D.; Hamir, A.N.; Kehrli, M.E.;
Richt, J.A.; Petrich, J.W. Fluorescence-Based Method, Exploiting Lipofuscin, for Real-Time Detection of Central Nervous System
Tissues on Bovine Carcasses. J. Agric. Food Chem. 2008, 56, 6220–6226. [CrossRef] [PubMed]

99. Shinohara, M.; Tachibana, M.; Kanekiyo, T.; Bu, G. Role of LRP1 in the pathogenesis of Alzheimer’s disease: Evidence from
clinical and preclinical studies. J. Lipid Res. 2017, 58, 1267–1281. [CrossRef] [PubMed]

100. Li, J.; Zheng, M.; Shimoni, O.; Banks, W.A.; Bush, A.I.; Gamble, J.R.; Shi, B. Development of Novel Therapeutics Targeting the
Blood-Brain Barrier: From Barrier to Carrier. Adv. Sci. 2021, 8, 2101090. [CrossRef] [PubMed]

101. Ljubimova, Y.J.; Black, K.L.; Ljubimov, A.V.; Holler, E. Biodegradable multitargeting nanoconjugates for drug delivery. In
Multifunctional Pharmaceutical Nanocarriers; Buolanwini, J.K., Ed.; Springer: Berlin, Germany, 2008; pp. 233–262.

102. Choudhury, H.; Pandey, M.; Chin, P.X.; Phang, Y.L.; Cheah, J.Y.; Ooi, S.C.; Mak, K.-K.; Pichika, M.R.; Kesharwani, P.; Hussain, Z.
Transferrin receptors-targeting nanocarriers for efficient targeted delivery and transcytosis of drugs into the brain tumors: A
review of recent advancements and emerging trends. Drug Deliv. Transl. Res. 2018, 8, 1545–1563. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.nanolett.7b00021
http://doi.org/10.1021/acsnano.5b01872
http://www.ncbi.nlm.nih.gov/pubmed/25906400
http://doi.org/10.1007/s00216-015-9135-y
http://doi.org/10.1016/j.jim.2008.11.004
http://doi.org/10.1016/j.ab.2006.01.034
http://www.ncbi.nlm.nih.gov/pubmed/16564019
http://doi.org/10.1016/j.biomaterials.2011.04.020
http://doi.org/10.1016/j.ab.2016.06.024
http://doi.org/10.1016/j.ab.2003.11.004
http://doi.org/10.1111/j.1476-5381.1991.tb12409.x
http://doi.org/10.7150/thno.12398
http://doi.org/10.1016/j.tins.2016.09.008
http://doi.org/10.1021/acs.biochem.7b00256
http://www.ncbi.nlm.nih.gov/pubmed/28614667
http://doi.org/10.1039/C6CS00076B
http://www.ncbi.nlm.nih.gov/pubmed/27188322
http://doi.org/10.1016/j.biomaterials.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23063368
http://doi.org/10.1016/j.biomaterials.2011.03.073
http://doi.org/10.1158/0008-5472.CAN-10-3093
http://doi.org/10.3390/ijms130911681
http://doi.org/10.1021/bc0502457
http://doi.org/10.1007/s11095-010-0091-0
http://doi.org/10.1021/jf0734368
http://www.ncbi.nlm.nih.gov/pubmed/18620407
http://doi.org/10.1194/jlr.R075796
http://www.ncbi.nlm.nih.gov/pubmed/28381441
http://doi.org/10.1002/advs.202101090
http://www.ncbi.nlm.nih.gov/pubmed/34085418
http://doi.org/10.1007/s13346-018-0552-2
http://www.ncbi.nlm.nih.gov/pubmed/29916012


Nanomaterials 2021, 11, 2996 28 of 28

103. Meng, Z.; Lv, Q.; Lu, J.; Yao, H.; Lv, X.; Jiang, F.; Lu, A.; Zhang, G. Prodrug strategies for paclitaxel. Int. J. Mol. Sci. 2016, 17, 796.
[CrossRef]

104. Helms, H.C.; Abbott, N.J.; Burek, M.; Cecchelli, R.; Couraud, P.-O.; Deli, M.A.; Förster, C.; Galla, H.J.; Romero, I.A.; Shusta,
E.V.; et al. In vitro models of the blood–brain barrier: An overview of commonly used brain endothelial cell culture models and
guidelines for their use. J. Cereb. Blood Flow Metab. 2016, 36, 862–890. [CrossRef]

105. Cho, C.F.; Wolfe, J.M.; Fadzen, C.M.; Calligaris, D.; Hornburg, K.; Chiocca, E.A.; Agar, N.Y.R.; Pentelute, B.L.; Lawler, S.E.
Blood-brain-barrier spheroids as an in vitro screening platform for brain-penetrating agents. Nat. Commun. 2017, 8, 15623.
[CrossRef]

106. Lidický, O.; Šírová, M.; Etrych, T. HPMA copolymer-based polymer conjugates for the delivery and controlled release of retinoids.
Physiol. Res. 2016, 65, S233–S241. [CrossRef] [PubMed]

107. Zarschler, K.; Rocks, L.; Licciardello, N.; Boselli, L.; Polo, E.; Garcia, K.P.; De Cola, L.; Stephan, H.; Dawson, K.A. Ultrasmall
inorganic nanoparticles: State-of-the-art and perspectives for biomedical applications. Nanomed. Nanotechnol. Biol. Med. 2016, 12,
1663–1701. [CrossRef] [PubMed]

108. Boselli, L.; Polo, E.; Castagnola, V.; Dawson, K.A. Regimes of biomolecular ultrasmall nanoparticle interactions. Angew. Chem. Int.
Ed. 2017, 56, 4215–4218. [CrossRef]

109. Nemmar, A.; Beegam, S.; Yuvaraju, P.; Yasin, J.; Tariq, S.; Attoub, S.; Ali, B.H. Ultrasmall superparamagnetic iron oxide
nanoparticles acutely promote thrombosis and cardiac oxidative stress and DNA damage in mice. Part. Fibre Toxicol. 2015, 13, 22.
[CrossRef]

110. Sousa, A.A.; Hassan, S.A.; Knittel, L.L.; Balbo, A.; Aronova, M.A.; Brown, P.H.; Schuck, P.; Leapman, R.D. Biointeractions
of ultrasmall glutathione-coated gold nanoparticles: Effect of small size variations. Nanoscale 2016, 8, 6577–6588. [CrossRef]
[PubMed]

111. Cassano, D.; Pocoví-Martínez, S.; Voliani, V. Ultrasmall-in-Nano Approach: Enabling the Translation of Metal Nanomaterials to
Clinics. Bioconjug. Chem. 2018, 29, 4–16. [CrossRef]

112. Zhang, J.; Chen, D.; Liang, G.; Xu, W.; Tao, Z. Biosynthetic Polymalic Acid as a Delivery Nanoplatform for Translational Cancer
Medicine. Trends Biochem. Sci. March 2021, 46, 213–224. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms17050796
http://doi.org/10.1177/0271678X16630991
http://doi.org/10.1038/ncomms15623
http://doi.org/10.33549/physiolres.933425
http://www.ncbi.nlm.nih.gov/pubmed/27762589
http://doi.org/10.1016/j.nano.2016.02.019
http://www.ncbi.nlm.nih.gov/pubmed/27013135
http://doi.org/10.1002/anie.201700343
http://doi.org/10.1186/s12989-016-0132-x
http://doi.org/10.1039/C5NR07642K
http://www.ncbi.nlm.nih.gov/pubmed/26934984
http://doi.org/10.1021/acs.bioconjchem.7b00664
http://doi.org/10.1016/j.tibs.2020.09.008
http://www.ncbi.nlm.nih.gov/pubmed/33268216

	Introduction 
	Mini-Nanodrugs 
	Criteria Ruling the Design of Mini-Nano Carriers 
	General Structure, Function, and Desired Effects 
	Example of Mini-Nano Carriers, Composition, and Outstanding Properties 
	Permeation through Barriers by Spontaneous Diffusion or Receptor-Gated Access 


	Favorable Reasons to Use Mini Nano Vehicles for Delivery into Brain 
	Semiquantitative Description of Cross-BBB Delivery 
	Calculation of Approximate BBB Permeation Efficacies Using Quasi Equilibrium and Other Approximations 
	Effects on Transcytosis Efficacy at Selected Concentrations of Receptor and Ligand 
	The Dissociation Rate of the Ligand–Receptor Complex Is Coupled with the Affinity 
	The Vector Part of the Ligands Matters 
	Polymalic Acid Tri-Leucine Group “Boosts” the Function of the Vector Group 

	The Observed Impact of Vector–Receptor Affinity on Pharmaceutical Delivery 
	Transcytosis and Cascade Reactions 
	How to Optimize the Flow through Cascade Barriers 
	Polymalic Acid Conjugates as Outstanding Candidates for Borderline Nanosized Drug Delivery Systems 
	Why Peptides Instead of Antibodies? 


	Examples of Mini-Nano Devices 
	Example 1: PMLA-Based Mini-Nano Carriers (MNCs) for Delivery across the BBB 
	Example 2: PMLA-Based Mini-Nano Imaging Agents (MNIAs) for Deep Brain Tumor Imaging by MRI Analysis and Near Infra-Red Fluorescence-Guided Tumor Resectinon 
	Example 3: Image-Guided Resection of Glioblastoma 
	Example 4: PMLA-Based Mini-Nano Drugs for the Treatment of HER-Positive Breast Cancer 

	Summary of Distinguished Features of PMLA-Based Mini-Nano Devices 
	Multifunctionality of the Mini-Nano Device 
	Cascade Targeting Affording Attachment of Several Peptides per MNC 
	Optimal Settings of Mini Nano Devices (MNDs) 

	Comparison with Non-PMLA Types of Mini-Nano Devices 
	Summary and Conclusions 
	
	References

