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Research progress of histidine-based tumor-targeting drug
delivery systems
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Abstract: As a basic amino acid, histidine has a pK, close to the acidity of the tumor microenvironment, thus
the charge and solubility of histidine are able to vary as the pH changes. Under a neutral environment, histidine is
not charged and exhibits hydrophobic properties, while it can be protonated and becomes hydrophilic when exposed
to mildly acidic pH, such as tumor microenvironment. Therefore, histidine is widely used in the design of drug delivery
systems to target the mildly acidic pH of tumor microenvironment. This article reviews the recent progresses of
histidine-based tumor-targeting drug delivery systems, and summarizes the principles on promoting internalization
and tuning drug release by taking advantage of histidine. Finally, we point out the common issues on histidine
application and illustrate its future prospects.
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Figure 1 Protonation equilibria and tautomeric forms of the imid-
azole side chain of histidine. (Adapted from Ref. 3 with permis-
sion. Copyright © 2014 RSC)
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Figure 2

Multistage pH-responsive liposomes for mitochondrial-targeted anticancer drug delivery. A: Schematic design of the smart

liposomes (HHG2C ;-L); B: Zeta potential of HHG2C -L and SPC-L at different pH values; C: Cellular uptake of C6/HHG2C,,-L and C6/
SPC-L on A498 cells at pH 7.4 and pH 6.5. Uptake of C6 is the ratio between the amount of C6 in the cells (ng) and the amount of cell

proteins (mg). n = 3, x +s. P < 0.05. (Adapted from Ref. 7 with permission. Copyright © 2012 Wiley). SPC-L: Liposome consists of soy

phosphatidylcholine and cholesterol; HHG2C -L: Liposome consists of soy phosphatidylcholine, cholesterol and HHG2C ; C6: Coumarin 6
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Figure 3  Active tumor permeation and uptake of surface charge-switchable theranostic nanoparticles for imaging-guided photothermal/

chemo combinatorial therapy. A: Illustration of active tumor penetration and uptake of dual drug-loaded nanoparticles with pH -triggered

surface charge transition for the imaging-guided photo-thermal/chemo combinatorial therapy; B: Flow cytometric histograms TRAMP-C1
cells treated with ICG/DOX-loaded TPNs and NHTPNs at pH 7.4 and 6.3 for 2 h; C: Cell viability of TRAMP-C1 cells incubated respectively
with ICG-loaded NHTPNs and ICG/DOX-loaded NHTPNs; D: Tumor growth inhibition profiles of the mice bearing TRAMP-C1 tumor

injected with various formulations, followed by NIR laser irradiation (5 min, 1.0 W-cm?) 6 h post-injection or without any laser treatment.

n=6,x+s. P<0.05 "P<0.01. (Adapted from Ref. 8 with permission. Copyright © 2016 Ivyspring). pH_: Tumor extracellular pH; TPNs:
TPGS/PLGA nanoparticles; NHTPNs: NAcHis-TPGS/PLGA nanoparticles; PBS: Phosphate buffered saline; NIR: Near-infrared
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Peptide Sequence
TK AGYLLGKINLKKLAKL(Aib)KKIL-NH,
TH AGYLLGHINLHHLAHL(Aib)HHIL-NH,

O
X : M‘O\g/(K/\S/S

!\
H Reduction

B
NH,,
N NH,

CPP-Cys CPT
Figure 4 Sequences of peptides and structure of cell-penetrating
peptides-camptothecin (CPP-CPT) conjugations. A: Sequences of
TK and TH; B: Disulfide mediated release of CPT from CPPs.
(Adapted from Ref. 11 with permission. Copyright © 2011 American
Chemical Society). CPP-Cys: Cysteine-modified cell-penetrating
peptides
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Table 1 Examples of HE-CPP-based drug delivery systems. (HE), MAP: HEHEHEHEHEHEHEHEHEHEKLALKLALKALKAALKLAY;
GST: Glutathione-S-transferase; (HE),,G,R;; HEHEHEHEHEHEHEHEHEHEGGGGGRRRRRR; (HE),;G,;: HEHEHEHEHEHEHEHEHE
HEHEHEHEHEHEGGGGG; (HE),;: HEHEHEHEHE; (RG),: RGRGRGRGRG; mPEG: Methoxy-poly(ethylene glycol); PLA: Polylactide;

CPSO: Cholesterol and polyoxyethylene sorbitol oleate

HE-CPP type Carrier Cargo Tumor model Ref.
(HE),,MAP Fusion protein GST MDA-MB-231 human breast cancer xenograft [15]
(HE),,G,R Fusion protein GST HeLa human cervical cancer [16]
(HE),,G,R Liposomes Artemisinin 4T1 mouse mammary cancer [17]
(HE),,G,R{ mPEG-PLA micelles Paclitaxel 4T1 mouse mammary cancer [13]
(HE),;G; Fusion protein Arginine deiminase MDA-MB-231 human breast cancer xenograft [18]
(HE);&(RG), mPEG-PLA micelles Docetaxel MCF-7 human breast cancer [19]
(HE)&(RG), CPSO micelles Paclitaxel U87 human glioma xenograft; G422 mouse glioblastoma [20]
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Figure 5 Co-delivery of VEGF siRNA and etoposide for enhanced anti-angiogenesis and anti-proliferation effect via multi-functional

nanoparticles for orthotopic non-small cell lung cancer treatment. A: Schematic illustration of co-delivery of VEGF siRNA and etoposide; B:
Zeta potential of the blank Lip, PHCL NP and PHCL-Lip; C: Zeta potential of PHCL-Lip and P-Lip at different pH; D: Scanned fluores-
cence distribution of the A549 spheroids after treated with PHCL-Lip/NR or P-Lip/NR at pH 7.4 or pH 6.5 conditions by CLSM. (Adapted
from Ref. 30 with permission. Copyright © 2019 Ivyspring). ETO: Etoposide; siVEGF: Vascular endothelial growth factor small interference
RNA; pH;: Tumor intracellular pH; GSH: Glutathione; RISC: RNA-induced silencing complex; Lip: Blank cationic liposomes; PHCL:
PEGylation histidine-grafted chitosanlipoic acid; PHCL-Lip: PHCL coated Lips; P-Lip: PEGylated Lips



U 245544 Acta Pharmaceutica Sinica 2022, 57(1): 64 =75

Yang R IE TR AL S R A A BRI ISR MR

E, A pH AT, R R &M B HE N KL
2297940 nm (1) BRTEZ G KRL, AT 32 S AG 240 i g 2
Ie) (R R FE IR S IR Ba b, SRR T T A2
KIS ¥, BURBEA TSN SR EKT 4, 2Rk
WS HANERL N T nm LT YR EER), SLIL T 5
i R V2 E S R (1 6).
23 AFBREHERENEEWNE Tk, BERGIT
BAT AR S R AEAE TR V6 5 i e S5 00 5, £E 0
96 A 38 5 | JEC R SR Bk 22 1) DV, AFLRE P I ik R 3 % 2
AT 5R A 0. e 4 i 2 R ORORT HE AR e, O BT iy
(10 25 AT 3 DLV Tl A 0 36k, BRI 1 B BRIVE T I — 2P
NE P B 9T B0 AH SRR R DD N RT3 MG B R YR T
(I RCR, — 5 T, ZH S BRIK MR IR | i 5 /N 5 -] LIS
A SRS A AR, TR E 451, PRIE
R AE MLV AEFA b iR E M 55— T 1HD, 2H R ik N 5 g
I JE R R YIRS, S BUR ¥ E3his i, B TR
AU OR RS B AR L, IXMR N R BUR E K S T
e B3z a2 Ve Bl A A, T R R AR IS I RN 2L, AL IR
o3 3% B A0 T R (5T 4 )Y

Gao ZEC 2 tH — AN pH/E J5 X0 [N 40 2K 48 44 A
Tk % F R K siRNA, K R & i - AR -
H & B = % B A ) [methoxy-poly(ethylene glycol)-
polylactide-polyhistidine, mPEG-»-PLA-PHis] i iT —
I 5 5 O W i 42, 2 SR R A — Ty Tl A
WK W) 2 FL R 55— 07 T 3R &0 Y0 g ] i i i
HI A FH I B siRINA, 8 24t i P 9 g 42 (1 22 12k £ R 4.
RIRBLTA, A RO 5 TR B R IR IR EE /), 3B M

Structural
transformation

~~.
~
2y

oo
-
e

NFs

SIRNA P B8 (8 7). Dhanya 255744 2 5 e RS
TR A TBK PR VE M — 5K & 0 T A8 1 1) < g oK okL b, T
DNA X, & #E 7 Qe mose, Hg M AH 28 1t KK
B3

3 Hfte

WTAER, 48 5158 WA AR 2 8] i A2 A F e
Fo 3t ) 326 35 A AR 40 4 J@ A HLHE ZE 44 B} (metal-organic
frameworks, MOFs) M4 J& Fi 37 %€ &5 4 (metal coordi-
nation polymers, MCPs) £¢, [K H & 73k 68 /1, 745
146328 AT 52 B ok 2 K e EERY . HERAR A (histi-
dine-tag, His-tag) %I £ Fl & J& & 1 B A B & 1R ),
T, Huang ™ & HOSRHA A R-HE TS
W, G WA RS AN T PO R (A REIE
53%), I R 113 7> T i Ik 40 kDa 18] SR (3K
IR 42%). HE— DR TUR L, B S YR T I P A
g3 1 B A ZE ORI 23 1 S B AN e A A, 1R
I Z C 5 V0 e % 60, 8 2 B M o AH 22 ORI 2454 Oy
T, XA R T SEHLMR B A VR YT o Tang 559140 )
HABR X — Y, M 7 eEichktik. RHRR
T8k EH 2 AR, 7T T 2 A ELAL, BE KR
IR EYE . IKEEIRIC IR B T 4 2R (1) pH Wi B i /7, 7E
pH 7.5 IS JE BGBEIR, 24 pH FEAR 28 5.5 I 52 0 9 v JBOIR
A, BV ESHE, ZEAR T T A SR .

Li 005 It = 2R (nitrilotriacetic acid, NTA)
KK R EE BOE YR, £ 8RS AR B R R
(MR B Je s MR 55) VR R, il & —Mopn B E P B8 28

BYKRL, H T HE b id R L bk . BRI, %K
NRAKRLRE %4 2 Pl Z R AR id B, gkt iR

Small molecule
loading

Hydrophilic/Lipophilic balance (HLB)  Locked in hydrophobic domain

In solution

1
1 =3
h ,,,,, Tumor + NPs
Tumor-bearing Tumor-bearing
mice _—— mice
2 In situ 2 "2

i 00/ construction \ 00/

S == Invivo
2 ) ' y
‘\% i@ Ill 6
W
I ’

&Tur}gor + NFs Nest

4 _Tumor + NFs Nest +

5 n " Theranostic agents
- umor-bearing

—_— mice
Specifically homing

- -

00

Figure 6 Principle of pH-triggered morphological transformation from self-assembled nanoparticles (NPs) to nanofibers (NFs). (Adapted
from Ref. 33 with permission. Copyright © 2017 Wiley). BP: Bis-pyrene; FFVLK: Peptide Lys-Leu-Val-Phe-Phe; PEG: Polyethylene

glycol; His6: Peptide His-His-His-His-His-His
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Table 2 Overview of drug delivery system employing histidine. PLLA: Poly(L-lactic acid); DSPE: 1,2-Distearoyl-sn-glycero-3-phospho-

ethanolamine; RHMH18: Arg-Gly-Asp-human serum albumin-histidine18; MSN: Mesoporous silica nanoparticles; GA: Glycyrrhizic acid;
DNP: Dinitrophenol; p(PEGA): PEG methyl ether acrylate; PLys: Poly(L-lysine); HA: Hyaluronic acid; Her2: Human epidermal growth

factor receptor 2; TPGS: D-a-Tocopheryl polyethylene glycol succinate; 7pep: Transferrin receptor ligand; DTPA: Diethylenetriamine penta-
acetic acid; VES: Vitamin E succinate; DexPHS: Dextran-b-poly(L-histidine); pHPMA: Poly N-(2-hydroxypropyl) methacrylamide; PIA:

Poly(itaconic acid); FA: Folate acid; ALA: 5-Aminolevulinic acid; DPPE: 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine; IR820: New

indocyanine green; SPION: Superparamagnetic iron oxide nanoparticle; PSD: Poly(sulfadimethoxine); R848: Resiquimod; GNR: Gold

nanorod; ABT737: BH3 mimetic; ZnPc: Zinc phthalocyanine; UCNP: Upconversion nanoparticle; QDs: Quantum dots; Ab: Antibody;

BHQ3: Black hole quencher 3; PBLG: Poly(y-benzyl-L-glutamate)

Component Carrier Cargo Ref.
PEG-PHis Micelles / [23]
PHis-PEG/PLLA-PEG Micelles Doxorubicin [24]
DSPE-PEG/PHis-PEG Micelles Paclitaxel [25]
RHMHI18 Nanoparticles Paclitaxel [43]
MSNs-PHis-PEG Inorganic nanoparticles Sorafenib [26]
mPEG-PLA-PHis-ssOEI Nanoparticles Doxorubicin; siRNA [36]
mPEG-PHis-PLLA Micelles Doxorubicin [44]
mPEG-PLA-PHis Micelles Doxorubicin [45]
PEG-Phis-PLLA Micelles Doxorubicin [46]
PLA-b-PEG-b-PHis Micelles Doxorubicin [47]
GA-PEG-PHis-PLGA Micelles Andrographolide [48]
PHis-PLGA-PEG-PLGA-PHis Micelles Doxorubicin [49]
PLGA-b-PHis-b-PEG-herceptin Nanoparticles Doxorubicin [50]
mPEG-b-PLA-b-DNP-PHis Micelles Doxorubicin [51]
p(PEGA)-b-PLys-b-PHis Polymersomes Doxorubicin [52]
PHis-b-PEG/PLA-b-PEG-folate Micelles Doxorubicin [53]
HA-PHis/Her2-TPGS Micelles Doxorubicin [54]
PHis-PEG/7pep-DSPE-PEG Micelles Doxorubicin [55]
HA-PHis/TPGS Micelles Doxorubicin [56]
PLA-PEG-PLys-DTPA/PHis-PEG/Gd Nanoparticles Sorafenib; Gd [57]
mPEG-PHis-VES/Biotin-PEG-VES Micelles Doxorubicin [58]
DexPHS Micelles Doxorubicin [59]
HA-PHis Micelles Doxorubicin [60]
PHis-PLGA-TPGS Micelles Doxorubicin [61]
pHPMA-PHis-PLeu Micelles Paclitaxel [62]
PIA-PEG-FA-PHis Micelles Doxorubicin [63]
ALA-PHis Prodrug ALA [64]
DPPE-PHis-IR820 Nanovesicles IR820; doxorubicin [65]
SPION encapsulated PEG-PHis solid nanoparticles Nanoparticles Doxorubicin [66]
mPEG-PHis-PSD /PLys/siRNA Nanoparticles siRNA [67]
PLys-g-PHis Nanoparticles siRNA [68]
HA-DOX/PHis/R848 Nanoparticles R848; doxorubicin [69]
GNRs/MSN/PHis/TPGS Inorganic nanoparticles Doxorubicin [70]
ABT737@ZnPc-UCNPs Up-converting nanoparticles ZnPc; Bcl-2 inhibitor ABT737 [71]
QDs-Ab-BHQ3 Quantum dots / [72]
PLys-b-(PHis-co-PBLG)-b-PLys Hydrogel Gemcitabine [73]
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