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Abstract: Multifunctional porphyrin–peptide conjugates
with different propensities for self-assembly into various
supramolecular nanoarchitectures play important roles
in advanced materials and biomedical research. How-
ever, preparing prefunctionalized core porphyrins by
traditional low-yielding statistical synthesis and purifying
them after peptide ligation through many rounds of
HPLC purification is tedious and unsustainable. Herein,
we report a novel integrated solid-phase synthetic
protocol for the construction of porphyrin moieties from
simple aldehydes and dipyrromethanes on resin-bound
peptides directly to form mono-, cis/trans-di-, and
trivalent porphyrin–peptide conjugates in a highly
efficient and controllable manner; moreover, only single
final-stage HPLC purification of the products is needed.
This efficient strategy enables the rapid, greener, and
substrate-controlled diversity-oriented synthesis of mul-
tivalent porphyrin–(long) peptide conjugate libraries for
multifarious biological and materials applications.

Introduction

Porphyrin derivatives, a typical class of tetrapyrrole macro-
cycles, illustrating myriad fascinating photophysical, chem-
ical and biological properties, e.g., fluorescence, metal ions
chelation, aggregation, and reactive oxygen species gener-
ation, lend themselves as a versatile molecular platform in a
wide range of light-harvesting, photocatalytic, biomedical,
supramolecular, and framework/nano-materials research.

Upon combining with peptides, the water solubility, the
biocompatibility, the biostability, the biotarget specificity, as
well as the self-assembly properties of the global porphyrin–
peptide systems[1] would change, allowing such conjugates to
be wisely and widely employed as fluorescent bio-probes,[2,3]

targeted photodynamic therapy (PDT) agents,[4–6] artificial
metalloenzymes,[7,8] as well as the building blocks for bio-
functional self-assembling nanostructures.[9–14] In addition,
the D4h symmetry point group of porphyrins with four meso-
positions allows their peptide conjugates to be ideal
templates for the multivalent approach[15] (i.e., multiple
bioactive peptide chains can be attached to a core porphyrin
scaffold). This approach has been well-substantiated as a
feasible strategy to improve the binding affinity and
selectivity of diagnostic/therapeutic agents for various
ligand–receptor interactions (e.g., cyclic RGD peptides to
integrins) as they showed significantly improved perform-
ance compared with the corresponding monovalent
counterparts.[16–22]

The conventional synthetic approaches to porphyrin–
peptide conjugates have been well-summarized and
reviewed,[23] which can be simply classified into solid-phase
conjugation (incorporating a � COOH containing porphyrin
building block onto N-terminal or unprotected lysine side
chain in most cases) and site-specific solution-phase ligation
(e.g., copper(I)-catalyzed alkyne-azide cycloaddition
CuAAC, maleimide-thiol reactions) (Figure 1a). However,
all the methods to synthesize porphyrin-peptide conjugates
cannot be performed without using pre-functionalized
porphyrin building blocks, which possess one or more
functional groups for conjugation. In fact, such building
blocks are expensive in limited commercial sources as
needed are very tedious statistical synthetic procedures of
“pyrrole chemistry” that usually suffer from lots of side
reactions and difficulties in purification—due to the serious
aggregation issue. For modern advanced biological and
materials research that would involve porphyrin–peptide
conjugates with different valency (both monovalent and
multivalent) for comparing the multivalent effect of peptides
on their targets and developing supramolecular aggregated
or framework systems, more challenging and low-yield
symmetrical/non-symmetrical pre-di/tri/tetra-functional por-
phyrin starting materials have to be secured beforehand,
which can be nightmares from the synthetic chemistry
perspective. On the other hand, solid-phase peptide syn-
thesis (SPPS) is the most practical and well-established
approach for preparing peptides and their derivatives in
both laboratories and industries.[24–26] In Fmoc-SPPS (with
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the fluorenylmethoxycarbonyl protected N-terminus), excess
Fmoc-protected amino acids are used for assembling peptide
chains, and the Fmoc protecting groups on the latest
attached amino acid can be removed to release a free amine
for coupling another Fmoc-protected amino acid. As the
unbound side-products, as well as those excess reagents/
reactants employed to ensure complete conversion for every
single step, can be removed by simple washing—i.e., no
further purification is required before cleaving peptides
from their solid supports.

We therefore hypothesized and proposed that SPPS can
be an ideal synthetic platform to be translated for circum-
venting the long-standing synthetic difficulties of “pyrrole
chemistry” which also suffers from excess unreacted reac-
tants, additional reagents, and numerous side-products as
above-mentioned. In our recent study in 2020, by condens-
ing the pyrrole building blocks in the solution phase with the
newly attached aldehyde linkers on-resin, the dipyrrin-
peptide conjugates, which could be applied as target-specific
fluorescent probes after boron complexation, were obtained
with adequate yields after on-resin oxidation, global cleav-
age and deprotection (Figure 1b).[27] Moreover, in 2021, we
further developed a synthetic approach by linking two newly

attached pyrroles on resin together with electrophiles from
the solution phase to give the multifunctional dipyrrin-
embedded cyclic peptides and divalent dipyrrin-peptide
conjugates (Figure 1c).[28] These previous studies prove the
“pyrrole chemistry” can be excellently compatible with
SPPS for both the condensation between pyrroles and
electrophiles, as well as additional treatments like the on-
resin oxidation. Therefore, to streamline the workflow and
workload for synthesizing porphyrin-peptide conjugates for
applications in a wide range of scientific fields, we strive for
developing a novel and relatively more green and sustain-
able integrated approach by directly constructing porphyrin
motifs during SPPS.

We herein report a novel procedure-economical method-
ology for efficiently yielding diverse porphyrin-peptide
conjugates of multivalency controlled by the dipyrrome-
thane substrates in use (Figure 1d). The trans-divalent
porphyrin-peptide conjugates can be prepared with good
yield by condensing the relatively stable electron-deficient
dipyrromethanes with the newly coupled aldehyde motif on
resin-bound peptide chains, while multiple (tri/cis-di/mono-
valent) porphyrin-peptide conjugates can also be obtained in
a single reaction when the relatively unstable electron-rich
dipyrromethanes was incorporated. This synthetic protocol
enables the fast production of multivalent/monovalent
porphyrin-(long) peptide conjugate for various biomedical
application at wills and provide an efficient diversity-
oriented synthesis (DOS) approach to establish libraries for
investigating the multivalent effect of peptides toward their
targets, as well as their potential formulation into various
sizes and shapes of nanoparticles for drug delivery. The
given protocol was executed in synthesizing a series of
bioactive porphyrin-(long) peptide conjugates, and selected
bioimaging applications of some of them were also exempli-
fied.

Results and Discussion

Inspired by the efficient inter-peptide construction of
divalent dipyrrin-peptide conjugate in our previous studies
(Compound 10 in the corresponding literature),[28] as well as
the well-established synthetic approach to synthesize trans-
divalent porphyrin from dipyrromethanes and aldehydes,[29]

the feasibility of on-resin inter-peptide porphyrin construc-
tion was initially investigated on RGD peptide, as the
model, on Rink amide resin (Figure 2a). The 2-(4-
formylphenoxy)acetic acid, a common � COOH containing
aldehyde linker, was then attached onto the N-terminus of
peptide by routine coupling protocol. The di(1H-pyrrol-2-
yl)methane (1a), a commercially available dipyrromethane
building block (5 equiv), was then condensed with an
aldehyde on resin under the catalysis of trifluoroacetic acid
(TFA) in dichloromethane (DCM) (5 equiv v/v<1%; no
undesired peptide chain removal was observed). The resin
turned red after overnight (�16 h) condensation in dark,
which indicated the formation of porphyrinogen-like moi-
eties on resin. The resin was then treated by oxidant 4,5-
dichloro-3,6-dioxo-1,4-cyclohexadiene-1,2-dicarbonitrile

Figure 1. a) Previous synthetic approaches to access porphyrin–peptide
conjugates. Functionalized porphyrin building blocks can be conju-
gated with peptide chains by either solid-phase incorporation or site-
specific solution-phase conjugate. b) Our previous work: solid-phase
construction of dipyrrin-peptide conjugates.[27] c) Our previous work:
solid-phase construction of dipyrrin-embedded cyclic peptide and
divalent dipyrrin–peptide conjugates.[28] d) This work: solid-phase
porphyrin construction with multivalency.
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(DDQ) for 3 h in DCM as our previous studies and cleaved
for analysis. As a result, the expected trans-divalent
porphyrin–peptide conjugate 2a was obtained as the major
product in the crude post-cleavage mixture with around
86% conversion (Figure 2c, Entry 1). The conversion con-
cept in this work is defined as the percentage of peptide
chain(s) involved in the corresponding product by monitor-
ing the absorbance at 220 nm, which is mainly contributed
by the peptide bond. The reaction was also analysed by
HPLC and ESI-MS step-by-step to demonstrate the perfect
conversion of resin-bound peptide under the optimal
condition (Figure 2b).

To optimize the reaction, various reaction conditions
were investigated. Although resin-bound peptides (espe-
cially for the long peptide chains) would swell better in
amide solvents [e.g., dimethylformamide (DMF), dimeth-
ylacetamide (DMAc) or N-methyl-2-pyrrolidone (NMP)],
no porphyrin derivative was formed in these solvents (Fig-
ure 2c, Entries 2–4). As far as the acid catalyst was
concerned, BF3·OEt2 was employed as it was also commonly
used for porphyrin synthesis. Undesired peptide chain
removal was observed under 5 equiv BF3·OEt2. (v/v�1.5%),
yet, fortunately, a similar conversion was achieved when
1 equiv BF3·OEt2 was used (Figure 2c, Entry 5 vs. Entry 10;
Entry 6 vs. Entry 8). For the reaction time of condensation,
after 2 h, only around one fourth peptide chains were

consumed, while a comparable conversion of the condensa-
tion product could be achieved after 8 h. Longer reaction
time (40 h, Figure 2c, Entry 10) showed no obvious improve-
ments as well. We thus preferred to set the condensation
reaction for 16 h (overnight) in most of cases for subsequent
experiments. For the oxidation step, amide solvent NMP
was confirmed to be a better solvent, compared with DCM,
as the solubility of oxidants in NMP is greatly improved
(Figure 2c, Entry 10). Meanwhile, milder oxidant p-chloranil
showed slightly improved performance compared with
DDQ (Figure 2c, Entry 11). The purity of crude product
could be up to 93%, and it was much easier to wash out p-
chloranil after the reaction, compared with the use of DDQ.

As the properties of porphyrins can be tuned by
replacing the substituents on their meso-positions, we
examined the substrate scope of various aldehydes and
dipyrromethanes as the building blocks for constructing
diverse porphyrin motifs on the model RGD peptide. Three
simple aldehyde linkers were first investigated to couple
with non-substituted dipyrromethane 1a, giving the desired
trans-divalent product 2b–2d (Figure 3a and S4–S6). Either
2-(3-formylphenoxy)acetic acid (for constructing 2b) or 3-
formylbenzoic acid (for constructing 2d) showed compara-
ble conversion (>85%), which indicated that there was no
apparent influence of the electron-withdrawing/donating
groups (EWG/EDG) on the aldehyde linkers as mentioned

Figure 2. a) The reaction scheme of inter-peptide porphyrin construction on resin-bound RGD peptide. b) The step-by-step reaction monitoring for
the optimal condition for inter-peptide“ porphyrin construction on resin-bound RGD peptide. The reaction was monitored by analytical HPLC (left
column) with real-time UV/Vis spectra (right column) and ESI-MS. From top to bottom: untreated RGD peptide cleaved from sampled resin
(green), aldehyde-conjugated peptide cleaved from sampled resin (navy) and the crude post-cleavage solution after porphyrin construction
(maroon). c) The screening of reaction conditions for inter-peptide porphyrin construction on resin-bound RGD peptide. [a] The conversions were
estimated by the HPLC (absorbance at 220 nm) of crude mixture for the percentage of peptide chain(s) involved in the corresponding product.
[b] 5 equiv TFA was used (v/v<1%) in all cases. [c] 1 equiv BF3·OEt2 was used in all cases as undesired peptide chain cleavage was observed under
5 equiv BF3·OEt2.
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in the previous literature.[30] However, the efficiency of
inter-peptide porphyrin construction decreased when 4-
formylbenzoic acid (for constructing 2c) was used. This
might result from a lower probability for effective inter-
peptide collision due to i) the relatively high rigidity,
compared with 2-(3-formylphenoxy)acetic acid that would
have two more rotatable bond, and ii) the unsuitable

position, compared with 3-formylbenzoic acid that would
allow two peptide chains to be coupled with smaller
distortion, of its aldehyde linker.

A series of dipyrromethanes were then targeted for on-
resin porphyrin construction (Figure 3b, S7–S14) to probe
any substrate effects. Considerable conversions for trans-
divalent porphyrin-peptide conjugates (>75%, 2 j and 2k)

Figure 3. a) Construction of trans-divalent porphyrin–peptide conjugates by using different aldehyde linkers on the RGD peptide. b) Construction of
porphyrins by using different dipyrromethanes on 2-(4-formylphenoxy)acetic acid coupled RGD peptide. The conversions were estimated by the
HPLC (absorbance at 220 nm, which is mainly contributed by peptide bonds, thus, the conversions here reflect the percentage of peptide chain
involved in corresponding product). [a] 5 equiv 1 l and 10 equiv; TFA was used (no conversion under 5 equiv TFA. c) The analytical HPLC of crude
post-cleavage solution of 2e. Absorbance at both 220 nm (grey) and 420 (maroon) are presented. The trivalent (tR=22.1 min), cis-divalent
(tR=23.4 min), trans-divalent (tR=26.1 min) and monovalent (tR=30.5 min) porphyrin–peptide conjugates were isolated and identified. d) The
analytical HPLC of crude post-cleavage solution of 2 i. Absorbance at both 220 nm (grey) and 420 (maroon) are presented. The trivalent
(tR=25.9 min), cis-divalent (tR=27.1 min), trans-divalent (tR=32.7 min) and monovalent (tR=39.5 min) porphyrin–peptide conjugates were
isolated and identified.
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could be achieved by using meso-EWG-substituted dipyrro-
methanes (1 j and 1k), while meso-pyridyl-substituted one
(1 l) led to a low conversion due to its intrinsic low reactivity
(2 l, 9%).[31–33] Interestingly, using other meso-substituted
dipyrromethanes containing more electron-donating sub-
stituents (1e–1 i) resulted in complicated mixtures with
multivalent porphyrin-peptide conjugates (2e–2 i), which
can be explained by the decomposition and recombination
of these relatively unstable dipyrromethanes during the
formation of porphyrin.[34] In these cases, other than the
expected trans-divalent porphyrin-peptide conjugates, triva-
lent, cis-divalent, and monovalent ones (with 1–3 peptide
chain on their porphyrin core) could all be isolated and
identified. The cis-divalent porphyrin-peptide conjugates
were formed as the primary products when the ethyl and 4-
bromophenyl-substituted dipyrromethanes (1e and 1g) were
used, which showed relatively short retention time com-
pared with the corresponding trans-divalent counterparts
(Figure 3c). When the phenyl, 4-methylphenyl, and 4-meth-
oxyphenyl-substituted dipyrromethanes were used (1 f, 1h
and 1 i), the monovalent porphyrin-peptide conjugates,
which have the longest retention time in crude mixture, can
be constructed as the major product. In particular, for 4-
methoxyphenyl-substituted dipyrromethanes (1 i), around
40% of peptide chains were converted into the correspond-
ing monovalent porphyrin conjugate. (Figure 3d). The
trivalent porphyrin–peptide conjugates were found in all
these cases as the minor products (Conv. �10%). Addition-
ally, trace amounts of dipyrrin-RGD conjugate can also be
observed in these reactions (Conv. �5%), which can be
explained by the direct condensation between aldehyde and
dissociated pyrrole.

These experiments displayed the potential of on-resin
porphyrin construction as a practical protocol for labelling
peptides with porphyrin motifs. On one hand, to synthesize
trans-divalent porphyrin–peptide conjugates intentionally,
the non-substituted/EWG-substituted dipyrromethanes can
be applied. On the other hand, relatively unstable dipyrro-
methanes can be employed either to synthesize routinely
used monovalent porphyrin–peptide conjugates or for fast
establishment of libraries of porphyrin–peptide conjugates
with different valency and configuration for studying the
multivalent effect between the peptides and their corre-
sponding targets.

As both monovalent and multivalent porphyrin–peptide
conjugates are widely applied in previous literature studies,
we therefore employed our protocol to synthesize a series of
relatively long peptide chains with various well-known
biomedical applications, including the nuclear localization
sequence (NLS),[35,36] the mitochondrial localization se-
quence (MLS),[37–40] the STAT3-specific peptide, and the
α3βv-targeting cyclic peptide,[41–44] as well as their correspond-
ing multi-/mono- valent peptide conjugates.

The non-substituted dipyrromethane (1a) was used at
first to construct trans-divalent porphyrin–peptide conju-
gates (Figure 4a, S15, S19–S21). The conversions varied on
different peptide sequences, and longer reaction time may
be required in some cases. Although the length of peptide
chains for synthesizing 3a, 4, and 5 are similar (7 amino acid

residues for all three peptides), acceptable conversion can
be achieved for 3a (NLS peptide PKKKRKV, Conv. 81%)
and 4 (SATA3-specific peptide Ahx-PY*LKTK, Conv.
74%) after 16 h condensation; however, less than 10% of
peptide chain was converted into 5 (the half sequence of
MLS peptide KLAKLAK) under the identical condition.
Longer reaction time was further tried for synthesizing 5,
and 65% of conversion was achieved after 40 h condensa-
tion. The α3βv-targeting cyclic(RGDyK) peptide on resin[45]

was also used for inter-peptide porphyrin construction, and
21% corresponding trans-divalent porphyrin–peptide con-
jugate (6) can be formed after 40 h condensation. For the
cases with low conversion, pre-condensation peptides re-
mained as main composition of their crude mixtures
according to HPLC, and no significant porphyrin-containing
by-products were observed. These results indicated the
propensity of inter-peptide collision can be influenced by
the length and amino acid composition (may lead to differ-
ent secondary structures on resin) of the peptide chains.

The relatively unstable substituted dipyrromethanes was
then used for constructing porphyrin motifs on/between
these peptide chains (Figure 4b, S16–S18, S22, S23). For
NLS peptide PKKKRKV, around 66% of peptide chains
was converted into corresponding monovalent conjugates
(3b), while only 35% of short RGD peptide can be
converted into monovalent product (2 i) by using the same
aldehyde linker and dipyrromethane under the identical
condition. The trans-divalent, cis-divalent and trivalent
counterpart of 3b were also observed with 12% and 11%
conversions, respectively. Similarly, the ethyl-substituted
dipyrromethane (1e) led to 25% conversion of monovalent
product (3c), which was also slightly higher than on RGD
peptide (19%). Interestingly, the conversion of monovalent
product improved (3d, Conv. 35%) when 4-formylbenzoic
acid, which was regarded as a relatively unfavorable
aldehyde linker for inter-peptide collision as mentioned
previously, was used. The reactions were also conducted on
the full sequence of MLS peptide (KLAKLAK)2 with 14
amino acid residues, and acceptable conversions could be
achieved for the corresponding monovalent products (21%
and 34% for 7a and 7b, respectively), while the trans- and
cis- divalent products were also identified with 7a as the
relatively minor products (Conv. 17% and 7%, respec-
tively). The trivalent product was rarely observed in these
cases, and the ratio of divalent products were also decreased
compared with the similar reaction on short RGD peptide,
indicating that the propensity of inter-peptide coupling
decreased as the peptide chains elongated. The overall
conversion of porphyrin–peptide conjugates also dropped as
the formation of dipyrrin by-products boosted in the crude
reacting mixture.

To examine the subcellular localization and the targeting
effects of the synthesized porphyrin–peptide conjugates, a
series of imaging experiments were conducted for 3a
(porphyrin-NLS conjugate), 5 & 7a (porphyrin-MLS con-
jugates), as well as 6 (αvβ3-targetted porphyrin-cRGD
conjugate).

The excitation and emission spectra of 10 μM 3a (same
chromophore in 5 and 6) and 7a in HEPES are showed in
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Figure 5a and b, respectively. The typical red fluorescence
(emission at 600–700 nm) of porphyrin derivatives can be
observed under the excitation of a board range of wave-
length. The divalent porphyrin-NLS conjugate 3a was co-
stained with NucBlueTM, a commonly used nucleus staining
dye, in HeLa cell. As expected, both the red fluorescence
from 3a and the blue fluorescence from NucBlueTM were
detected and well co-localized in the nucleus of HeLa cell
line (Pearson’s coefficient: 0.479) (Figure 5c). Similarly, the
red fluorescence from the porphyrin motif of 5 and 7a were
found overlapped perfectly with the green color signals of
the MitoTracker green in both HeLa and MDA-MD-231
cell lines (Pearson’s coefficient: 0.403 and 0.341 respectively)
(Figure 5d). These results exhibited the great potential for

synthesized porphyrin–peptide conjugates as specific organ-
elle dyes. Moreover, to demonstrate the specificity of
synthesized compounds toward cancer biomarker, the
immunoluminescence imaging of αvβ3-targetted porphyrin-
cRGD conjugate 6 was also carried out in αvβ3 overex-
pressed breast cancer cell line MDA-MB-231 and αvβ3 non-
overexpressed HeLa cell (Figure 5e). The fluorescent signals
of 6 (red) showed significant overlapping with αvβ3-specific
antibody (green) in MDA-MB-231 cell line (Pearson’s
coefficient: 0.405), while both signals were weakly observed
in HeLa cell line. Such an adequate specificity enables the
application of 6 as a promising αvβ3-targeting probe, thereby
paving new ways for further developing 6 as a multifunc-

Figure 4. Construction of porphyrin–peptide conjugates on various bioactive peptides. The precent conversions are estimated by the HPLC
according to the absorbance at 220 nm. a) The construction of trans-divalent porphyrin by using the non-substituted dipyrromethane (1a) on
various peptide chains. b) The construction of monovalent porphyrin by using ethyl (1e) or 4-methoxyphenyl (1 i) substituted dipyrromethane on
various peptide chains.
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tional αvβ3-selective fluorescence imaging and photodynamic
therapy theranostic dual-agent.

Conclusion

A novel, efficient and practical solid-phase controllable
synthetic methodology has been developed to yield bioactive
multivalent porphyrin–peptide conjugates without using pre-
functionalized porphyrin building blocks and tedious multi-
step purifications. By coupling two peptide chains on resin
with stable electron-deficient dipyrromethanes, the trans-
divalent porphyrin–peptide conjugates can be obtained with
considerable yields. Moreover, by making use of the
decomposition and recombination of relatively unstable
electron-rich dipyrromethanes, the porphyrin–peptide con-
jugates with different valency and configurations can be
obtained in a single reaction, which enables either the fast
investigation of the multivalent effect of the peptides toward
their corresponding targets or facile preparation of most
frequently used monovalent porphyrin–peptide conjugates.
A series of porphyrin-(long) peptide conjugates, exhibiting
expected photophysical and biomedical applications, have
been obtained by using this protocol for the model studies.
Our protocol can strategically provide a new synthetic
platform (which can be promisingly incorporated into future
automated continuous flow synthesis) to expeditiously
establish diversity-oriented synthesis libraries of porphyrin-
(long) peptide conjugates, thereby supporting theranostics/
drug discovery and development, as well as advanced
materials research.
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Figure 5. a) The normalized excitation and emission spectrum of
10 μM trans-divalent porphyrin–peptide conjugate 3a in HEPES. b) The
normalized excitation and emission spectrum of 10 μM monovalent
porphyrin–peptide conjugate 7a in HEPES. c) Confocal images of HeLa
co-staining with NucBlueTM (nucleus staining dye with blue
fluorescence) after incubation of 10 μM 3a (porphyrin-NLS conjugate)
for 24 h (scale bar: 25 mm). d) Confocal images of HeLa and MDA-
MB-231 co-staining with MitoTrackerTM (mitochondria dye with green
fluorescence) after incubation of 5 μM 5 and 7a (porphyrin-MLS
conjugates) for 24 h (scale bar: 25 mm). e) Immunoluminescence
imaging of αvβ3 in HeLa (αvβ3� ) and MDA-MD-231 (αvβ3+) after
incubation of 5 μM 6 (porphyrin-cRGD conjugate) for 24 h (scale bar:
25 mm).
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